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ABSTRACT 


Metallurgical factors affecting the critical current density of practical- 
ly important alloy and compound superconductors are summarized. There are 
different kinds of effective pinning centers depending on both the saterial 
and the intensity of applied sagnetic field. 


In this paper, problemas related to the critical current density Jc in 
different high-field superconductors are reviewed. in Nb-Ti alloy vires, 
pinning centers introduced by a severe cold sorking and a preciptation 
of a-Ti phase are effective in a high field region and in a low field 
region, respectivery [1]. A proper cosabination of cold working and precipi- 
tation yields a high Jc in Nb-Ti wires. In addition, pinning by the satrix 
between superconducting filaments is predominant in a low field region in 
ultra fine filamentary Nb-Ti wires developed for AC applications [2]. 


Neanwhile, in compound superconductors dislocations and precipitations are 
not present, and the predosinant pinning centers are grain boundaries. 
Thus, the Jc of NbsSn and other compound superconductors is strongly depen- 
dent on their grain size [3]. A high upper critical field ce in compound 
superconductors yields high Jc in high fields. The Hcg enhancement by Ti 
doping to NbsSn iaproves the Jc in high fields as shown in Fig. 1 [4]. 
The VsGa alswu exhibits appreciably better Jc in high fields than pure NbsSn. 
The insitw processed V,Ga wire consisted of very fine superconducting fila- 
sents shows an extremely high Jc gay be due to a pinning by satrix between 
the filaments liké the ultra fine filamentary Nb-Ti wire [5]. 


In the compound with large grair size, the Jc in low field is reduced, and 
a so-called peak effect appears. In the bronze processed tape with coluanar 
grain structure grown perpendicular to the core, an anisotropy in Jc with 
respect to the direction of applied field is observed as shown in Fig. 2 [3]. 
When the field is applied perpendicular to the columnar axis a peak »ffect 
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Fig. 2 Anisotropy in Jc with respect to tin direction of aagntic field applied 
parallel and perpendicular to the surface of bronze processed Vile tape. 








appears. The Jc in low fields is closely related to the grain structure of 
compound , whilst the Jc in fields higher than the peak field does not depend 
on the grain strucuture at all. There seems to be another acre intrinsic 


pinning sechaniss in high field region. 


The fabrication of NbsAl and other supercondutors with high-field perfor- 
sance superior than that of NbsSn has been studied. The Al5 Nb; (Al, Ge) 
transforeed via the supersaturated bec phase has a very fine grain size and 
shows a Jc of exceeding 1 19*A/ca* at 20T [6]. The rapid quenching fros 
high teaperatures facilitates the retention of stoichiometric Al5 NbsAl phase 
and yields a high Jc in high fields. The Nbs(Al,Ge) produced by a continu- 
ous electron beas irradiation process keeps an enough high Jc for practical 
use at 30T as shower. in Fig. 1 [6]. 


The thin files of Bl NDN prepared by a sputtering shows a Jc of 10*°A/ca* 
at 207 [7]. However, the Jc of NDN files drops rapidly with increasing 
file thickness as shown in Fig. 3, which is a probles in NbN for high-field 
applications. The Jc of Pbilo<S, Cheverel phase wires prepared by a powder 
sethod has been isproved through a precise cosgposicion adjusteent and a 





10° my 2 7 


of + 

3 oO 

~ 

La - 
ee 

- ” 


-. 


Critical Current Density ( A/cm? ) 
S 
Ww 











104} ' . 
\. 
103} — . 
42K .10T Fig. 3 Dependence.of Jc of NbN 
films on their thickness. Data are 
001 1 ; 0 100 summarized froe different 


references. 


Film Thickness ( ym) 

















reduction of atrain effect. A Jc of ~1 X10*A/ca* has been obtained at 20T 
[8]. The enhancesent in Jc of Chevrel phase sire provides a bright prospect 
for the isprovesent in Jc of high-Tc oxide vires. 


A gsechanical strain produces an appreciable effect on the Jc in high 
fields. The isprovesent of lic, by a third elesent addition such as Ti to 
NbsSn reduces the strain effect in high fields. The Jc's of VsGa and Nb=Al 
show sealler strain effects than that of NbsSn. The Jc of C15 V.(—f,Zr) and 
Bl NON are alsost independent on strain. 


The electromagnetic stability of high-field superconductors has crucial 
isportance for sagnet applications. High-Jc supercondocting tape like insitu 
¥;Ga shows a pronounced degradation in Jc when wound into a coil. Meanwhile, 
low-Jc tape like diffusion processed V,Ga is such stable. A peak effect 
in Jc against sagnetic field say cause the one also against tesperature, 
providing an excellent stability. 


There seeas to be different kinds of effective pinning centers in setallic 
high-field superconductors depending on the saterial and the intensity of 
applied magnetic field. There are still several probleas unsolved for the 
quantitative understanding of Jc in high-field superconductors. 
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ABSTRACT 


Temperature and magnetic field dependence on the critical current density J, of polycrys- 
talline high-T, oride superconductor, BazY Cu30,, have been ineasured. At low temperature, 
J. showed different temperature dependence between field cooling and zero-ficid cooling, that 
is, the J, value measured when the sample was cooled in a fixed magnetic field, was different 
from that measured when the sample was cooled in zero magnetic field and then a magnetic 
field was applied. This irreversible behavior of /, disappeared at reduced temperature difference 
1 —t proportional to H*/* (H is magnetic field). Moreover we have observed that the slope 
dV/dI jest above J, began to increase rapidly with increasing temperature above 70 K. These 
experimental results can be attributed to the effects of grain boundaries or anisotropy of this 


system. 


INTRODUCTION 


The discovery of high temperature oxide superconductors [1-4] has brought a great impact on 
basic science and technology, and has stimulated a remarkably wide range of research activity. 
In regard to technological aspects, there is a need to prepare specimens which have higher 
critical current density, J,. Transport critical current density of polycrystalline bulk samples, 
however. have been much lower than that of thin films [5] and the magnetization measurement 
has indicated that J, is very high inside each grain (6). It is very important to investigate the 
J, behavior in polycrystalline bulk samples and to find out the factor which determines J,. 

High-T, oxide supercond actors have some (different natures, compared with the conventional 
superconducting materials, such as N'b;Sn and NbTi, which have been applied for high current 
conductors. One of the remarkable properties of high-T, oxide superconductors is its anisotropy. 
Anisotropic behavior of J, is observed in good quality thin films and the anisctropy is considered 
to play an important role for J, [7], also for polycrystalline samples. 

Recently, Yeshurun aad Malozemoff [8) have proposed a thermally activated flux-creep moel 
in the high-T, superconductor and Tinkham [9] extended this model to account for the experi- 
mentally measured width of the resistive transition in a magnetic field. From this point of view, 
the flux-creep in high-T, supercondactor reduces J, and is a severe preblem for application. 

In the present work, we have measured temperature and magnetic field dependence of J, of 
polycrystalline Ba, CuO, very carefully, and discussed the observed J, behavior in correlation 
with the anisotropy, grain boundaries and the flux creep of this system. 




















EXPERIMENTAL 


BazY Cu30, samples were prepared by sintering BaCO3, Y203 and CuO mixed powders of 
an appropriate composition. Starting materials were mixed in alcohol and heated at 930°C for 
12 h in air. Such calcining processes were repeated twice, and the calcined powder was finally 
pressed and heated at 950°C for 24 h and at 500°C for 24 h in oxygen. Samples were in the form 
of a bar, 2 cm long, with a cross-sectional area of about 2mm’. Critical current was determined 
by the 1 y/cm criterion. 

The critical temperature of samples was determined by the ac magnetization measurement, 
which was done in an atmosphere of helium and by using an operating frequency of 930 Hz and 
an ac field of 1 Oe. 

The measurement of J, was performed using a four-terminal technique in magnetic fields 
ranging from 0.05 T to 1.5 T, which is calibrated by an NMR measurement. Temperature 
was controlled by a closed-cycle refrigerator system capable of covering the temperature range 
from 20 K to 300 K and monitored by Pt resistance thermometer in zero magnetic field and 
by Au/Au-Fe thermocouple in nonzero magnetic field. Samples were mounted on a copper 
block with Apiezon grease for thermal contact and with epoxy plates for electrical insulation. 
Moreover, the sample holder was in an atmosphere of helium which made the temperature of 
the sample holder uniform. Before making the electrical contacts, samples were mechanically 
polished and gold was deposited on the contact area. After the deposition of gold, samples 
were heated at 550°C and slowly cooled in an oxygen flow. Finally the wires were attached on 
gold electrode using silver paint. These processes are very important in obtaining low resistance 
contacts to measure J, !10]. If electric contacts are not good, samples are heated at the current 
contacts and the voltage vs current (V-I) curves become quite different from those measured 
with a sample in liquid N2. In the present work, we have obtained good electric contacts ( 
< 10-*N cm? ) and ensured that V-I curves were almost the same as those measured in liquid 
N>. 


RESULTS AND DISCUSSION 


Typical V-I characteristics of the sample at several temperatures are shown in Fig. 1. Con- 
siderably low resistance contact ( < 10~*N cm? ) enables us to measure J, of samples without 
heating at the current contacts. Using only silver paint for electrical contacts or without Apiezon 
grease for thermal contact, the apparent resistance above J, was quite larger than that measured 
in liquid N2. Therefore, the good electrical contacts are indispensable to the measurement of J, 
in a helium gas atmosphere. 
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The temperature dependence of the slope, dV/d/, just above J. was shown in Fig. 2. It is 
seen from this figure that dV//dJ begins to increase rapidly with increasing temperature above 
70 K. Below 70 K, dV/dI shows almost no temperature dependence in the ficld cooling (fc) 
cace and small temperature dependence in the zero field cooling (=/c) case. 

Figure 3 shows the temperature dependences of J. when samples were cooled in the magnetic 
field (fc) and Fig. 4 shows that when samples were cooled in zero magnetic ficids and the ficld 
was applied at low temperature ( < 30K ) (zfc). The temperature dependence of J, changes 
at around 70 A. From the magnetization measurement, no anomaly was observed at about 
70 A and sample inhomogeneity was not the origin of this phenomenon. This phenomenon 
can be considered as the the dimensional crossover effects which originates in anisotropy of the 
superconductor or the effects of grain boundaries. 
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Fig. 3 Temperature dependence of J, when the Fig. 4 Temperature dependence of J. when the 
magnetic field applied in normal states field was applied after sample was cooled 
(fe). in zero magnetic field (z fc). 


Most remarkabie thing is that the difference of temperature dependence of J, appears be- 
tween field cocling and zero-field cooling less than 70 K (see Fig. 5). Further, magnetic field 
dependence of the reduced temperature difference, 1 —¢, when this irreversible behavior of J, dis- 
appears are plotted in Fig. 6. I: is seen from this figure that the reduced temperature difference 
when the irreversible behavior of J. disappears is proportional to H?/9. 
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This magnetic field dependence of the irreversible behavior of J. is similar to the magnetic 


Fig. 5 Temperature dependence of J. in 0.6608. 
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irreversibilities ‘$]. Yeshrun and Malozemoff considered that the supercurrents which can per- 
sist over the duration of an experiment give an irreversible contribution to the magnetization. 
Recently Matsushita et al.{11] explained a self-field of the closed intragrain currents as being 
a cause of history dependence of J. in a weakly-coupled high-T, superconductor. If we can 
considered that the irreversible behavior of J. comes from a self-field of the intragrain shielding 
currents, the correlation between the irreversible J, behavior and the irreversible magnetizaticu 
is reasonable and our experimental results confirm the model of Ref. 11. 


- At the present stage, however, we can not throughly explain the temperature dependence of 
J, and further study is necessary to clarify the mechanism of J, of high-T, oxide superconductors. 


CONCLUSION 


In the present work, we have measured temperature and magnetic field dependence of J. of 
polycrystalline Ba,YCu30, very carefully and observed that the J, behavior changes at about 
70K and the irreversible behavior of J, at low temperature. Still the mechanism of J, is not 
clear, our experimental results will become a hint to clarify the mechanism of J, in high-T, oxide 
superconductors. 
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ABSTRACT 


Although the critical current density in sintered ceramic superconduc- 
tors is very low, that in single crystalline thin films and the local 
critical current density in materials prepared by the quench and melt 
growth technique are quite high. What kind of defective structure is the 
dominant pinning centers contributing to the high critical current 
densities? Contributions from various kinds of defects, i.e., twinning 
planes, grain boundaries, point defects, normal precipitates etc., are 
theoretically estimated. These results are compared with observed values 
of the criticai current density. 


INTRODUCTION 


Critical current density is one of the key factors for power 
application of superconductors. At this moment, obtained critical current 
density in bulk oxide superconductors is far below the level of Nb-Ti at 
low temperatures. However, this is mainly caused by a weak-link nature of 
grain boundaries in this material [1] and does not show a poor potentiality 
of this material. In fact, high critical current densities have been 
observed in single crystalline thin films [2,3]. It has also been found 
that the current with very high density flows locally in materials prepared 
by the quench and melt growth technique [4]. The bulk critical current 
density much smaller than this is considered to be caused by nonsuper- 
conducting second phase layers that prevent the current from flowing 
uniformly. These experimental results suggest that high critical current 
density will be obtained even in bulk materials, if the barriers such as 
weak-link grain boundaries and nonsuperconducting layers are removed. 

In this case, the interest will be concentrated on the dominant 
pinning centers that cause high critical current density. The pinning 
centers that seem effective are twinning planes and point defects. In this 
paper, contributions from these pinning centers to the critical current 
density are theoretically estimated. Critical current characteristics of 
other pinning centers are also investigated. 


THEORETICAL ESTIMATE OF J. 


(a) twinning plane 

Twinning planes are the defects observed commonly in 123 materials. 
It was clarified by the decoration technique [5] that fluxoids are 
distributed so as to fit the twinning planes. This experimental result 
proves that these planar defects are effective for flux pinning. Since the 
density of these defects are fairly high, their contribution to the 
critical current density is expected to be large. The fact that the 
intragrain current density is small in Bi- and Tl-systems that do not 
contain twinning planes supports this hypothesis. 

The electron scattering mechanism [6], i.e., a variation in the 
coherence length due to the electron scattering by the defects, works for 
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flux pinning interaction through a variation of the core energy. The 
notable point for these planar defects is, however, that these are 
effective for pinning only when fluxoids parallel to them cross them [7]. 
In this case, the critical current density is estimated as [8] 


TP K B 
J = l - ] 
C (BB. ,)* ( x} (1) 


4 AcB? Sef 1 -(ZyT. me 


where B. is the thermodynamic critical field, B.5; is the upper critical 


field along the c-axis, d is a mean spacing of the twinning planes and Az 
is aconstant characterizing the pinning strength of planar defects. We 
expect AC ~0.2 from experimental results on ordinary high-field supercon- 
ductors. Similar estimation is given also by Kes et al. [9]. 

As for the intragrain critical current density in polycrystals with 
random crystalline orientation, the anisotropies in B.» and flux pinning 


should be taken into account. The current density is derived after the 
average with respect to the angles of the field direction from the c-axis 
and the twinning plane [8]. 














K = 1.33(53 


(b) point defect 

Many people have pointed out that point defects are effective in oxide 
superconductors because of their small coherence length. Although it is 
true that they are effective in flux pinning, they are effective also for 
low K materials with large coherence lengths. Kiipfer et al. [10] showed 
that the intragrain critical current density increased by a factor about 10 
due to point defects nucleated by neutron irradiation. The pinning inter- 
action energy of a point defect is estimated as Us = (B o*/2u9) Ew?, where w 


is a size of the defect [11]. Hence, the henensane pinning force is 
approximately given by f, = U/E = (B.7/2u9)w*. Since w is usually very 


small, their strength fo is also small. Hence, these are effective when 


their volume density is so high that these work collectively. 
We treat the case where the mean spacing of the point defects dy is 


much smaller than the fluxoid spacing ag. Then, the number of pins in a 
coherent region of a fluxoid of a length 4na¢ is approximately n, = 

4m, °N p’ with N. denoting the concentration of the defects, 1/d 5 The 
pinning ssrenath of the defects in the coherent region is of the order of 





ptp° From a statistical summation [12] we have 
- vn f N ; BB2w? 
. * B TmazB -( zs) 2u0B (3) 


at low fields, where 8 is a constant of the order of 0.5. 


(c) grain boundary 
Grain boundaries are known to cause a percolative characteristic of 
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the current because of their weak-link nature. But this is only for the 
boundaries normal to the direction of the transport current. The bounda- 
ries parallel both to the fluxoids and the transport current, which are 
perpendicular to the direction of the Lorentz force, work as pinning 
centers. Hence, the grain boundaries are expected to contribute to the 
intragrain current density. This contribution through the electron scat- 
tering mechanism is given by eqs. (1) and (2), where the grain size is 
substituted into d. There exists another contribution through the 
anisotropy in B.» and it is discussed in Ref. 13. 


(d) normal precipitate 
Precipitates of Y,BaCuO< phase are found to distribute in specimens 


prepared by the quench and melt ~~ «th technique [4, 14]. Normal and 
insulating precipitates are know» .. .trong pinning centers. When their 
size is much larger than the fiuxoid spacing ag, the critical current 


density due to these precipitates can be estimated from [15] 


2 
p mB-é 


J « 
c 4uBa 





i (4) 


f 


where S, is the effective surface area of precipitates in a unit volume of 


the superconductor, i.e., S, = ND? with D denoting the size of 
precipitates. 


(e) porosity 

Porosities also contribute to the flux pinning through the same 
mechanism with insulating precipitates. Hence, eq. (4) is applicable for 
porosities. 


(f) thickness modulation in thin film 

If the thickness of film varies along the direction of fluxoid motion, 
the fluxoid suffers a variation in the energy when it moves. This gives 
rise to flux pinning interaction. The critical current density due to this 
interaction is given by 





B? 
y™ c (a y ét (5) 


Cc Bud B. 25 t 


where 6t/t is a rate of thickness modulation and d is a mean wave length of 
this modulation. The idea to use cracks in a thin films as strong pinning 
centers [16] originates from the same mechanism. 


DISCUSSION 


Here we mainly discuss quantitatively the critical current density due 
to twinning planes and point defects. 

First, we discuss the flux pinning by twinning planes. Most thin 
films have oriented c-axis normal to the film surface. Hence, twinning 
planes probably pin the fluxoids, when the magnetic field is applied 
normal to the film surface. The theoretical result from eqs. (1) and (2) 
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gives the estimate comparable to experiments (see Ref. 8). Thin films of 
Bi- and Tl-systems have only small critical current densities in this field 
geometry [17'. This will be attributed to the absence of twinning planes. 
In the field parallel to the film surface, the surface pinning is 
considered to work. The intragrain current density in ceramics can also be 
explained quantitatively by the pinning due to twinning planes. 

Kiipfer et al. [10] showed that the intragrain current density is 
increased up to about 3*10° A/m* at T = 77K and B = 2T by nucleating point 
defects by neutron irradiation. Since this value is more than ten times as 
large as the original intragrain current density, it can be mainly 
attributed to the pinning by point defects. These pinnin centers are 
isotropic and we use the mean coherence length Ev (656,) = 3.7x10°° om 
If we assume that w ¥ €/2 and qd, = 6.3x10~* m, the observed intragrain 


current density can be explained by eq. (3). Since the pin density assumed 
here is quite high, it seems to be reasonable that the degradation in T. 


occurs for higher neutron fluence. Hence, the above value seems to be the 
maximum of J. by point defects. 
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ABSTRACT 


Our studies on the weak links in high T. superconductors are reviewed. 
For Y-Ba-Cu-O0 system the Y-I characteristics up to a high current region 
measured by using the pulsed currents and the magnetization properties are 
shown, It is found the type of the weak links in this system is that of S- 
N-S or S-S'-S junctions. For Bi-Pb-Sr-Ca-Cu-0 system the origin of the 
weak links is the superconducting phase with T. of 90-100K 


INTRODUCTION 


The critical current densities for the sintered samples of oxide super- 
conductors are much lower and have stronger field dependence than those 
for the single-crystal like films because of the existence of the weak 
links, The evidences of weak links are reported by many researchers, for 
example, the discrepancy between the transport and the tization J." s 
[1], the existence of a low resistive state above the I. [2], the direct 
measurements of intra- and inter-grain J.'s [3] and so on. 

In this paper we review our studies on the weak-links in high tempera- 
ture superconductors. We have also observed a low resistive state above 
the I. so measured the V-I characteristics up to much higher current 
region and found two-step transition [4,5]. Furtheremore, we have observed 
the complicated structure in magnetization curves at lower field than 100 
Oe [6]. From such measurements it can be estimated that the weak links in 
YBa Cu307, are S-N-S or S-S'-S type. 

[n ~Pb-Sr-Ca-Cu-0 system the temperature and the field dependence of 
the susceptibility are measured [7]. It is found that the superconducting 
phase with T. of 90-100K should responsible for the weak links. 


WEAK LINKS IN YBagCu307_,, 


Figure 1 shows the V-I characteristic at 53K for the YBa 24307 thin 
film with the T. of 60K prepared by sputtering. Two~-step tra tYon is 
clearly seen, Above the critical current, I.;, the linear relation between 
the voltage and the current holds in a wide range of the current. The 
resistivity defined by the slope, Ae is lower than the normal state 
se tye oe Pp,» Above the current, I>, which is one order higher than 
the voltage is abruptly iecressed’ 1 as increasing current and finally, 
ofa normal state appears. This behavior should be considered as follows: 
Above the I; (J.1), which is the critical current (density) restricted by 
the weak-links, lhe superconducting coupling among the high J. regions 
disappears. Therefore, the weak link regions become normal state, never- 
theless, the high J. regions hold their superconductivity. Above the I 2 
(J) the transition to the normal state begins in the high J. regions. 
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This V-I characteristic is measured in He gas by using DC current so 
that the quantitative reliability is open to question because of the ohmic 
heat generated especially, at the current contacts. Then we have tried 
such measurements in liquid by using pulsed current. The temperature 
can be controlled by changing pressure, 

Figure 2 shows the temperature dependence of the J.,, the J.5 and the 
p} for the sintered YBayCu307_, with the p, of about 1.4 aficm, Apparently 
the temperature dependences of’ the J., is different from that of the J 
On the other hand the resistivity, p;, is decreased as decreasing tempera- 
ture, which indicates the type of weak links in this sample is not that of 
S-I-S junctions but maybe that of S-N-S or S-S'-S junctions, 

We have found two kinds of minima or maxima in the ization of the 
sintered YBaoCu,07_. samples. At 77K one is at about 0, T and the other 
at about 0.03 Tt. It Yas thought that this was related with the existence 
of the weak links in the samples, so the transport current dependence of 
the magnetization was measured. The bar shaped sample with the I. of 6 A 
at 77K is used for the measurement. The DC transport current, I7, and the 
field is parallel to the direction of the sample length. 

Figure 3 shows the results of the measurements in the field — of 
20.04 T (a) and 20,15 T (b). As shown in Fig. 3{a) the hysterisis of the 
magnetization is decreased as increasing I; up to the I. Above the I. the 
minimum at the low field (about 0,005 T) is vanished and magnetization 
curve becomes independent of I;7 at least up to several times of I.. In 
higher field magnetization as shown in Fig. 3(b) the transport current 
affects only field range of about 20.06 T but the minimum at about 0.03 T 
does not change. 

These results suggest that there are two kinds of current paths in this 
sample, one is the current which flows over whole range of the sample and 
the other is inside each high J. regions. In fact, the critical current 
density calculated from the hysterisis of the magnetization, AMp)(I )- 
4Mp,(1 >I.) has the similar value to the J... Furtheremore, the critical 
current density calculated from the hysterifts at higher field than 0,06 T 
has the same order as the J. if the mean size of high J. regions is 
assumed to be the same as the mean grain size, which is about 10 pm, 
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Fig. 3 The magnetization curves at 77K for the sintered YBa2Cu307_,, in the 
field range of 20.04 T (a) and 20.15 T (b). 


WEAK LINKS IN Bi-Pb-Sr-Ca-Cu-O0 SYSTEM 


In this study we used two sintered samples. The sample 1 has the 
nominal composition of Bi 7Pb 4SrCaCu, 90. and is sinterd at 845°C for 
240hr in air. The sonporbtert dependéact of the resistivity and the 
susceptibility shows sharp transition about 110K, However, the X-Ray 
diffraction analysis (XD) reveals that the sample consists of 110K and 80K 
phases. The T.(0=0) is 107K. The J. at 77K is 93 A/cm at zero field and 
exponentially decreased as increasing the field, Therefore, it was thought 
that the J. was also restricted by the weak links in this system like in 
Y-Ba-Cu-O system. So the V-I characteristic and the transport current 
dependence of the susceptibility were measured as follows: The sample was 
inserted into a solenoid coil, the OC current was supplied to the sample 
at 77K and the sauple voltage and the inductance of the coil were 
measured. The results are shown in Fig. 4, 

In the V-I curve the linear relation is appeared in higher current 
range than 6 A, The resistivity, p;, defined by the slope is one order 
lower than the normal state resistivity, p,(77K), which is obtained by the 
linear extrapolation of the temperature Gependence of the resistivity. 
Meanwhile, the inductance of the coil is abruptly increased near |. and 
satulated in the low resistive state. However, the value is stil! lower 
than the inductance of the coil without the sample, 

Figure 5(a) shows the temperature dependence of the susceptibility 
measured by the same method as in Fig. 4, where the coi! voltage, V, is 
varied from 0.01 to 5 V. The V of 0.01 ¥V corresponds to the field of about 
0.5 Oe at SOK, As shown in this figure the transition is sharp when the V 
is 0.01 V. However, when the V is 0.1 V two-step transition is clearly 
seen. Compared with the transition by 110K phase the onset temperature is 
decreased and the width is abruptly spread as increasing the V in the 
second transition. 

Figure 5(b) shows the results of the same kind of measurements for the 
pelletized powder obtained by grinding the sample 1. The transition by 80K 
phase, which is not seen in the sintered sample is clearly seen in this 
figure, which coincides with the results by XX Therefore, it can be said 
that 80K phase exists covered with 110K phase in the sample 1. Furthere- 
more, two-step transition as seen in Fig, 5(a) can not seen in this 
pelletized powder. So another superconducting phase as seen in Fig. S(a) 
when V>0,1V should be responsible to the weak links in this sample. 
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The existence of the superconducting phase with the T. of 90 to 100K is 
confirmed in many samples. For example, the sample 5 has the nominal 
composition of BiPbp se pre sintered at 840°C for SOhr in No-7, 
flowing gas mixture, In the hattern all the main peaks correspond to 
those for 110K phase and other weak peaks to those for 80K phase. However, 
as shown in Fig. 5(c) the temperature dependence of the susceptibility 
reveals the existence of two superconducting phases with T. of 110 and 
about 100K even if the V is 0,01V. The field dependence as shown in Fig. 
5(c) is almost the same as in Fig. 5(a) except V-0.01 V. This supercon- 
ducting phase has the same structure as 110K phase or amorphous like one, 


CONCLUSIONS 


In this study we have found that the weak links in the YBa ned eloer are 
S-N-S or S-S'-S type and those in 8i-Pb-Sr-Ca-Cu-0 system are the 
conducting phase with T. of 90-100K, Further investigations are he ster to 
achieve higher J. by removing such weak links. 
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Magnetic loss in the copper-oxide based ceramic superconductors was 
studied by ac susceptibility seasurement. This mcthod is a useful tool 
for the characterization of the nature of grain boundaries, and thus can 
be used for the study of critical current and that of the preparation of 
high-quality samples. Two examples of the study of the ac sagnetic 
susceptibility are shown for the preparation of high-quality samples; one 
is the preparation of LaBa,Cu,0, and the other is that of 


(B1,Pb) 28r2Ca0u30y. 





Critical current density J, is the sost isportant parameter for the 
application of superconductors. Especially, in the case of 
polycrystalline samples, critical current is restricted by that of weak 
links between superconducting grains (intergrain J, or transport Jj), 
which is a few orders of magnitude smaller than the so-called intragrain 
Je, which is determined by the pinning force of magnetic flux in the sixed 
state of type-II superconductors. The effort of the improvement of inter- 
grain J, is important not only for the application but also for the basic 
research with cerasic sasples, because preparation of the high-quality 
samples is crucial for obtaining reliable data on physical and cheszical 

es. 

It is well known in ceramic superconductors that the real part of av 
magnetic susceptibility around sero sagnetic field strongly depends on the 
asplitude of the alternating sagnetic field below some teaperature T,, 
which is lower than the superconducting onset transition temperature 
And the imaginary part becomes large just below This behavior of ac 
magnetic susceptibility was well explained by weak-link formation 
sodel{1]. Thus, it is possible to estimate the nature of grain boundaries 
in ceramic superconductors by ac susceptibility measureserts. In this 
paper, we will show exasples of the studies on the preparation of high- 
quality samples using ac sagnetic susceptibilities perforsed on two 
materials, and propose that the complex susceptibility seasuresent is «a 


materials used in this study are which is important from the 
application point of view and (Bi,Pb)Sr,Ca5Cu,0,, which has isportance 
also from the basic research of the understanding of the sechaniss of 


high-T, superconductors. 
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Sample were prepared by an ordinary solid-state reaction sethod using 
the starting materials of oxide, carbonate, or nitrate powlers. Details 
are published in separate papers[2,3). Samples were charecterized by 
powder X-ray diffraction technique, dc resistivity seasuresent, de 
susceptibility seasuresent with SQUID magnetometer, and complex 
susceptibility seasuresent. Complex susceptibility seasuresent vas 
performed by measuring the temperature dependence of complex ispedance of 
a small solenocide including cazples. 


RESULTS AND DISCUSSION 


(1) 1-2-3 compounds(LaBa,Cu,0 

The so-called 1-2-3 sa 1 LnBa,Cu (La=¥, rare earth elesents)[<) 
is a 90 K superconductor. Especially, ~s attracts such attention 
from application point of view because of Tow cost of La. However, 
preparation of good crystals had been difficult, partly because of the 
special reason for this material and partly because of the common reason 
for 1-2-3 materials. That is, for the synthesis of high-quality 1-2-3 
materials, sufficient annealing by oxygen at low temperature is necessary. 
In fact, at the initial stage, annealing around at 300 K was successful to 
form the 90 K superconducting phase in this saterial[5). However, there 
are some reports that low-temperature annealing sometises degrades the 
superconducting characteristics([6). Sometimes we also found a sisilar 
situation. Thus, some other factors have to be overcome. Here, it should 
be noted that superconducting properties in polycrystalline samples are 
detersined both by those of the bulk and the grain boundaries. 
Especially, the latter is closely related with the intergrain J, (trans- 
port J,). Figure 1(a) shows the bulk superconducting properties seasured 


Figure 1 (a) The temerature dependence of the de magnetic susceptibility 
of LaBa a samples sintered at 1050 C in N. for 12 h and post annealed 
in 0, for trrerent time (A;20 h, B;74 h). (6) The temperature dependence 
of de resistivity for the same samples. (c) The temperature dependence of 
the complex susceptibility at 2 kHz for the same samples. 
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by the de SQUID magnetometer (Meicsner-effect* for Nj-sintere¢ samples of 

which were post-annealed in 0, for different tise. This 7igure 
clear that the irtroduction of oxy gen surely isproves the bulk 
supsrconducting prorerties. On the other hund, superconducting propertics 
peasured in resistivity ‘Fig. 1(b)) shows that the superconducting 
characteristics were degraded by the annealing. Thus, we should ascribe 
the origin of the degradation of superconducting characteristics to that 
of grain boundariec. This can be observed much sore easily in complex 
susceptibility eround zsro sagnetic field (Fig. 1(c)). The sagnitude of 
*decreases with increasing anealli:g time. The structure in <" becomes 
such broader and the peak soves to tie lower tesperature. All of these 
behaviors can be ascribed to the destruction of the weak links at the 
grain boundaries. This degradation is probably due to the water included 
in the oxygen gas flowing in the annealing process. In fact, the 
introduction of the dry oxygen gas during the annealing process led to the 
synthesis of a sample which has sero-resistance at 92 K[7]. Tho extrenze 

improvement was also confirmed by che ac susceptibility seasnresent. 


a t Ape ste (2-2-2-3 phase) 
oar jtasbu ; iv. menber of the group which has the highest T,[8), 
nt clade thé Criple cud, layers in the unit cel1[9]. Although one’ year 
= pacsed since the phan Tow of this saterial, there are few reliable 
data of the physical properties of this material, which is due to the 
difficulty in preparation of high-quality single-phase samples. Recently, 
Takano et al.[10], and subsequently Endo et a1.[{11]) showed that the intro- 
duction of Pb and sintering in low oxygen partial pressure prod.ce good 
single-phase samples in a well-reproducible way. We also succeeded in 
obtaining almost single-phase samples with almost complete Meissner effect 
by using essentialy the method. However, the temperature dependence 
of the resistivity has a small tail at T,, as is shown in Fig. 2(b). The 


Figure 2 (a) The Polesrace, oe of the de magnetic susceptibility 
at 10 Oe for (Bi,Pb) (b) The temperature dependence of the 
de resistivity of ead odafic. (A;before and Byafter the treateent 
described in the text). seas The temperature dependence of the ac complex 
susceptibility at 2 kHz for the same samples. Amplitude was fixed at 4 
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reason for this mysterious behavior seem to be the increase of porosity 
due to the volume expansion during sintering process, which is easily 
confirmed by the ac susceptibility measurement as shown in Fig. 2(b). 
Loss structure in the imaginary part remains finite down to liquid 
nitrogen temperature, which demonstrates that the coupling of the super- 
conducting grains is extremely weak despite the large volume fraction of 
superconducting phase. Thus, the pellet was re-crashed, pressed again and 
sinterd at slightly lower temperatures (820-830 C) for a couple of hours. 
This treatment removes the tail in the temperature dependence of the 
resistivity and also decreases the magnitude of the resistivity by a 
factor of 3-4. As a result, high-quality single-phase 2-2-2-3 super- 
conducting polycrystals with the resistivity of 1.1 (0.6) m cm at 300 
K(130 K) was obtained. The improvement by the above-mentioned treatment 
is also due to the increase of the Josephse: coupling among superconduct- 
ing grains, which is clearly seen in Fig. 2(c). 

From the above results, it can be ~aid that the zero-field complex 
magnetic susceptibility measurement is useful to characterize the nature 
of grain boundaries. Although resistivity also reflects the super- 
conducting characteristics at grain boundaries, it will give no further 
information once it drops to zero. On the other hand, complex 
susceptibility can measure the degree of strength of the intergrain 
coupling continuously, even in zero resistance state. Thus, it will 
become a simple, but useful tooi for the study of the transport critical 
current density of ceramic superconductors, or superconducting wires. 
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ABSTRACT 


Magnetization properties have been measured for YBCO powders and BSCCO 
single crystals. Current flows in YBCO are limited by grain boundaries for 
both Meissner current and bulk current. Critical current in BSCCO single 
crystals, in a temperature region above 20K, has a strong inverse anisotropy 
compared with that for YBCO. This result suggests that the pinning centers 
in BSCCO are different from those in YBCO. 


INTRODUCTION . 


Important superconducting parameters Tc and Bc2 are both determined by 
‘chemistry’ of a materials, whereas Jc is determined by its microstructure. 
In order to reveal current flow performance in high Tc superconductor, 
magnetization properties have been measured for YBaCu0 powders and BiSrCaCu0 

single crystals. 


EXPERIMENTAL 


y Ba,Cu 0, _5¢ powders calcined in air, with average particle diameters 
ranging frée 3 to 53@,. were used as YBCO sample. Raw material was made 
using a coprecipitated method. 

Temperature dependence of magnetization for YBCO powders was obtained 
with a SQUID wagnetometer. Most magnetization measurements for powder 
samples were carried out with D.C. magnetization measurement systems, which 
have two coaxial search coils in a back up field coil. The powder samples 
were packed in the form of a hollow cylinder. 

Single crystals of Bi 9(Sr.Ca) Cu,0 were grown by a self-flux method, 
as described previously({1)- A plat$-9iké trystal, with 0.3 x 1.25 x 1.5 mm 
average dimensions, was used in the present study. The sagnet ization 
measurements for BSCCO single crystals were performed using the SQUID 
magnetometer in the temperature range from 5K to near Tc, in an up to 5T 
magnetic field with the field direction parallel or perpendicular to the a-b 
plane for the single crystal sample. 


RESULTS AND DISCUSSION 


Magnetization of YBCO powders 





1. B<Bel 





Figure 1 shows the temperature dependence of magnetization for different 
sizes of YBCO powders. These data were obtained in a 20 gauss field under 
zero field cooling condition. 

This result indicates that the critical temperature, Tc, value for these 
samples is 93 K. However, a small amount of low Tc phase magnetization, 
ortho II phase , whose Tc is approximately 60K[2], is superimposed on the 
curves. Therefore, 93K phase is covered by 60K phase. 
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Magnetization decreasing rate P(d.4), as a function of powder diameter d 
and penetration depth A, can be explained as follows 


P(d.A)= I~ 2280 coth ($4,)+ 3- (A? y (1) 
where the Avalue depends on temperature, as follows. 
(T)=de/(1-t4y!/2 (2) 


Temperature dependence of magnetization for the YBCO powders, normalized 
by 4.2K magnetization and Tc, respectively, are shown in Fig.2. Solid line 
curves indicate calculated values for d/2A, where 2p is a penetration depth 
at OF. The calculated sagnetizations, in the T/Tc>0 temperature region, 
increase with increasing powder size. On the other hand, experisentally 
obtained magnetization saturate over 1$um powder size. These results 
indicate that the Meissner current flow in the YBCO powder is limited by 
some barriers in the region whose dimensions are aproximateiy 20. It will 
be shown, in the following, that these barriers are caused by grain 


boundaries. 


2.B>Bcl 
Magnetization loop width AM can be explained, based on the Bean model, as 


follows. 
an-Ho™c 3) 
2 J ( 
pert is permeability in a vacuum and d is the mean diameter, for 
individual powder particles. Average Jc values for individual particles can 
be derived from the slope of the AM versus the powder diameter relationship. 

Figure 3 shows the QM dependence on powder size at 4.2 K for 0.3 T, 0.5 T 
and 0.8 T. The magnetization at 4.2 K for every field measured is in linear 
proportion to particle size over the 1-20f#m range and saturates al, above 20 
wo. The Jc value, derived from Eq.(1), is approximately 2x10 A/cm at 4.2 
K, 0.3 T from the slope in the linear relationship. 

Figure 4 shows the OM dependence on powder size at 77 K for 0.03 T, 0.1 T 
and 0.3 T. The magnetization at 77 K for every field measured is also in 
linear proportion to the powder size over the 1-20 range and, saturates at 
above 20m. Jc at 77 K is obtained as approximately 7x10 A/cm at 0.03 T. 

These Jc values are almost the same or somewhat larger, compared with Jc 
values for the single crystal([3]. 

The magnetization saturation indicates that major magnetization current 
cannot flow through boundaries on a 20 am wide region. 

Estimated grain size in YBCO suggests that individual particles, whose 
average powder sizes are smaller than 204m, are made of a single crystal or 
its fragwent. On the other hand, each particle. whose powder size is larger 
than 20 4am, seems to be made of several grains. Therefore, the magnetization 
saturation can be explained with a mode] wherein current flow over the 20 Am 
range is limited by grain boundaries. 





Magnetization of BSCCO single crystals 





Figure 5 show the Meissner effect for single-crystal Bi (Sr ,Ca) go"29 
in low perpendicular magnetic field. A superconducting trahést ion was y 
observed at 80K. The same transition temperature was obtained under the 


paralle] magnetic field. 
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Figures 6(a) and 6(b) show typical magnetization curves for the BSCCO 
single crystal at 5K temperature in parallel and perpendicular fields, 
respectively. In comparison with the two curves. no strong anisotropy in the 
magnetization curves to field direction was observed at this temperature. A 
similar result was also obtained by Lin, et al[4]. However, in a higher 
temperature region above 20K, the anisotropy appeared in the critical 
current densities, as shown in Fig.7. 

Critical current density Jc values were determined from the magnet ization 
curves, ,using a simple relation between Jc and magnetization, Jc=300M/r(Jc 
in A/cm AM in emu/cm .r in cm). where 4M is the width of a magnetization 
curve, and r is the radius of a disk sampie. 

The anisotropy in Fig.7 shows that the Jc value, obtained under a field 
parallel to the a-b piane of the single crystal. is higher than that for the 
perpendicular field. This result is contrary to the anisotropic behavior for 
YBaCu0 [3]}. ; 

Inverse anisotropy in critical current suggests that pinning centers are 
different between YBCO and BSCCO. The pinning center in BSCCO might be due 
to micro-cleavage surface along the a-b plane. 


CONCLUSION 





In summary, Meissner and bulk current flows. which are responsible to 
magnetization, are limited in the 20 ,.m range by grain boundaries in YBCO. 

Critical curren’: values for YBCO, obtained from the slope in the linear, 
rela§ionship between magnetization and powder size, arg approximately 2x10 
A/cm” at 4.2 K and 0.3 T, and approximately 7x10 A/cm = at 77 K and 0.03 T. 

Critical current in a BSCCO single crystal has strong anisotropy. The 
anisotropy is opposite to the anisotropy for YBCO. These results indicate 
important information concerning the origin of the pinning centers in high 
Tc superconductors. 
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CRITICAL CURRENT AND FLUX CREE? IN YBaCu0 PREPARED BY 
THE QUENCH AND MELT GROWTH TECHNIQUE 


Masato MURAKAMI, Mitsuru MORITA, and Katsuyoshi MIYAMOTO 


R & D Laboratories-I, Nippon Steel Corporation 
1618 Ida, Nakahara-ku, Kawasaki 211 Japan 


ABSTRACT 





Critical current density(Jc) of bulk sintered oxide superconductors is 
fairly small due to the presence of weak-link networks along grain 
boundaries. The quench and melt growth(OMG) process. which consists of 
quenching from molten oxide region and subsequent. reheating and s low 
cooling, enables unidirectional growth of a superconducting phase ang 
elimination of weak-links from bulk samples and transport Jc exceeding 10 
A/cm’ is attained at 77K and 10T. Magnetization measurements revealed that 
the QMG processed samples obey Bean critical state model and yield Jc value 
exceeding 10° A/cm’ at 77K and 17. Flux creep measurements on such samples 
also revealed that giant flux creep is not inherent to oxide 
superconductors even when they are used at 77K. 


INTRODUCTION 


Critical current density(Jc) is the most important property for 
practical applications of the superconductors. Unfortunately, in spite of 
tremendous efforts, Jc values of bulk sintered oxide superconductors remain 
low presumably due to the presence of weak-links and a strong anisotropy in 
Jc. 

The first breakthrough has been accomplished by Jin et al.[1] who 
employed so-called melt-textured growth process to fabricate YBaCu0 with 
highly oriented structure and achieved Jc vaiue of 4000 A/cm’ at 77K and 
1T. 

Recently we have also developed the quench and melt growth(QMG) process 
which enables elimination of weak-links from bulk samples[2]. The QMG 
process consists of quenching from ¥,0 + liquid region and subsequent 
reheating to Y BaCu0, + liquid region £31 lowed by slow cooling in flowing 
oxygen. If thermal” gradient technique is used in the last step, 
unidirectional growth of the superconducting phase takes place. In the 
samples fabricated by the QMG process, fairly high Jc values are attainable 
even in the presence of a significant magnetic field. 

In this paper, we summarize the QMG process and then report some 
results of magnetization and flux creep measurements for the QMG processed 
YBaCu0 samples. 


THE y 4s PROCESS 











In order to reduce the weak-links 1m bulk oxide superconductors, it 
is desirable to fabricate YBaCu0 with large elongated grains aligned 
perpendicular to the C axis. A sol:di fication process seems to be best 
for achieving this. However, microstructural observation[3] revealed that 
the connectivity of superconcuc:ing phases is quite poor in solidified 
samples. It is known[4] that a (5a,Cu,0 phase (123) is produced by 
peritectic solidification of a ‘-Batud- cll) phase. Therefore how the 211 
phases are distributed 1n 3 Fiqurart 'S & key parameter to determine the 
connectivity of the 123 phases. ihe desired precursor microstructure is the 
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Fig. 1 Optical micrograph of microstructure of the QMG processed sample. 


one with the 211 phases finely and homogeneously dispersed in the liquid. 
However, it becomes clear that it is difficult to refine the 211 phases 
within 211 + L region. It also becomes clear[5] that the 211 phases are 
not stable above 1200 C and melt incongruently into Y.0. and liquid. To 
obtain the microstructure with finely distributed 211°p ee / have to 
start from Y.,0. + L region. However, in this region tends to 
agglomerate résilting in inhomogeneous distribution of “wn 2°31, phases. 
The reaction of the melt with crucible materials is also severe. To 
overcome these problems we employed rapid heating to Y.0, +L region and 
subsequent quenching which is effective to avoid coarsefit i of Y.0. and to 
minimize the contamination from crucible materials. rehéating the 
quenched materials in 211 + L region, the 21] phases i produced by 
peritectic solidification. It is also possible to connect precursor 
quenched materials and to fabricate desired shapes at this stage. lf we 
slow cool the material with thermal gradient in flowing oxygen, we can 
obtain the specimen oriented to a-b direction as shown in Fig. 1. 


CRITICAL CURRENT 





Transport Jc 





First we measured Jc of the QMG processed samples by the standard four 
probe method using 1 uV/cm criterion. Electric currents were applied along 
growth direction. Typical results are presented in Fig. 2. Jc exceeding 
1000 A/cm’ was obtained at 77K and 10T, which is dramatically high compared 
to those of sintered bulk samples. However, we noticed that the sample 
becomes normal due to heat generation from electric contacts[2]. Smal) 
dependence of Jc on magnetic field is also evidence for this. Therefore we 
need reduce contact resistance to obtain real Jc. This result also 
suggests that even Higher Jc is obtainable in the OMG processed samples. 


Magnetic Jc 





It is also possible to determine Jc through magnetization 
measurements. The contact resistance problem can be neglected in this 
method. However, in bulk sintered material where the difference in 
magnetization( 4M) is almost independent of sample size, Jc cannot be 
estimated from OM, Fig. 3 shows the relationships between 4M and sample 
thickness(d) at various magnetic fields for the OMG processed sample. 
Straight lines can be obtained, indicating that the sample obeys Bean 
critical state model. Under such a condition, Jc can be related to 4M, In 
the case of flat lono sheet with thickness d in pararel|] magnetic field, 
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the . equation can be obtained to a first approximation(in cgs 
units): , 
ate 4x (W"-M) = (8%/c) (4/d) Je 


If we take the unit as M in emu/ca’, d in cm, and Jc in A/cm’, Jc can be 
estimated from the following equation: 


Jc = 20 (4M / d) 


Magnetic fielg dependence of Jc thus estimated is presented in Fig. 4. Jc 
exceeding 10 A/cm’ is achievable at 77K and 1T, which poses a strong 
potentiality of oxide superconductors for applications at 77K. 


FLUX CREEP 


Recently flux creep has been considered to be a serious problem when 
oxide superconductors are used at 77K[6]. In type I1 superconductors, 
magnetic fluxoids are trapped in pinning sites, however, at temperature 
T(K) fluxoids diffuse by thermal activation with the diffusivity 
proportional to exp(-U,/kT), where U, is the pinning potential. In the 
conventional superconductors, the effect of flux creep can be neglected 
because they are used at fairly low temperature(4.2K). On the other hand 
at 77K, where oxides are to be used, thermal component kT becomes fairly 
large(0.006eV). Along with large kT, U, of oxide superconductors seems to 
be small due to smal] coherence length, which results in small Up/kT 
thereby giant flux creep[6]. 

However, it is also true that U, can be enhanced by the introduction 
of pinning points[7]. The QMG processed YBaCu0 samples exhibit high Jc in 
magnetic field indicating that strong pinning points exist. Therefore we 
conducted flux creep measurements using a vibrating sample magnetometer. 
External field was increased up to 1000G and then rapidly reduced to zero 
and then relaxation of the remnant magnetization was monitored. Typical 
results for three samples with different Jc's are shown in Fig. 5. The 
sample with higher Jc exhibited smaller relaxation. In the best sample, 
flux creep rate is fairly slow indicating that giant flux creep is not 
inherent to oxide superconductors. 


CONCLUSIONS 


The MG process is effective to fabricate YBaCu0 with high Jc, in 
which Bean critical state is estab] ished. Magnetization measurements 
revealed that Jc values exceeding 10° A/cm’ are achievable in the OMG 
processed samples at 77K and 1T. Giant flux creep is not observed in such 


samples. 
REFERENCES 


[1] S. Jin, T. H. Tiefel, R. C. Sherwood, R. B. van Dover, M. E. Davis, G. 
W. Kammlott, and R. A. Fastnacht: Phys. Rev. 8., 37 (1988) 7850. 

[2] M. Murakami, M. Morita, and K. Miyamoto: Proc. of Osaka University 
International Symposium, Osaka, 1988, to be published . 

[3] M. Murakami and M, Morita: Proc. of MRS meeting, Tokyo, 1968, to be 
publ ished. 

[4] e. g. S. Takekawa and N. lyi: Jpn. J. Appl. Phys. 26 (1988) L 851. 

[5] M. Murakami, M. Morita, K. Doi, K. Miyamoto and H, Hamada: submitted to 
Jpn. J. App! Phys. 

1 Yeshurun and A. P. Malozemoff: Phys. Rev. Lett., 60 (1988) 2202. 

7] M., Suenaga: Proc. of MRS Meeting , Tokyo, 1988, to be published. 























32 








se — 





HIGH Jc BiSrCaCuO AND T1BaCaCu0 SUPERCONDUCTING THIN FILM 


~~" HY TTOZAKI, -S. TANAKA, K.HIGAKI,. <.HARADA, S.YAZU and K.TADA 
Sumitomo Electric Industries Ltd. 
1-1 Koyakita 1-Chome Itami 664 JAPAN 


ABSTRACT 


BiSrCaCuO0 and TlBaCaCu0 thin film were grown on MgO substrate by an 
RF magnetron sputtering. Their Jc were 3.4 MA/cm2 and 3.2 MA/cm2, 
respectively. Anistropic degradation of Jc by magnetic field was 
observed. X-ray, RHEED and SEM observation showed that these high Jc thin 
film were c-axis oriented poly-crystalline. Grain boundaries and 
stacking faults may act as pinning places of a magnetic flux. 


INTRODUCTION 


Since the discovery of high Tc superconducting materials(1,2), many 
studies have been done in the field of thin film. High Tc superconducting 
thin film has a big potential in electronics, for sensors(3) or high speed 
devices(4). The authors have studied epitaxial growth of a HoBaCu0 thin 
film, and have gotten a single crystal thin film which had Jc of 3.5 
MA/cm2(5,6). Recently BiSrCaCuO and TlBaCaCu0 which have higher Tc than 
LnBaCuO were reported(7,8). The authors have obtained high Jc 
superconducting thin films of BiSrCaCuO and TlBaCaCuO0. Here we will report 
the preparation conditions of these high Jc superconducting thin films and 
their properties. 


Films have been prepared by rf magnetron sputtering with a single 
target. The target was prepared by sintering mixed power of BaCO3, Cad, 
Bi203, T1203 and CuO for each system. A substrate was MgO single crystal. 
The glow discharge was radio-frequency exited (13.56 MHz) under 80% Ar and 
20% oxygen atmosphere. The substrates were heated at 350 to 800°C. The 
films were annealed at 800 to 950°C. In the case of Tl1BaCaCuO films, the 
substrate temperature were kept at 350°C and the films were annealed in a 
sealed tube containing 11203, because of a high vapor pressure of Tl 
compound. The temperature dependence of the film resistivity and the 
critical current densities were measured by a four-prove method in a 
cryostat. For these measurements, an annealed thin film was etched with a 
diluted HCl (0.5 volZ%) solution to form a narrow region with an area of 
about 20 um in length and 20 um in width. The structure and morphology 
were analyzed by X-ray diffraction (XRD), reflection high-energy electron 
diffraction (RHEED), scanning electron microscopy (SEM). 


PER 


Ll. BiSrCaCuO Thin Film 


A BiSrCaCuO thin film was prepared by the rf magnetron sputtering 
with a single target(9). An X-ray diffraction pattern of the BiSrCaCu0 
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thin film is shown Fig.l. It indicates that the film is c-axis textured 
and is composed of a single 2223 high Tc phase with c=37.2A. As a RHEED 
pattern shows fine rings, this thin film is c-axis textured poly- 
crystalline. 

The temperature dependence of critical current density is shown in 
Fig.2. Ome film has the Jc of 1.9 MA/cm2 at 77.3K and that of 21MA/cm2 at 
40K. The another film has 3.4 MA/cm2 at 77.3K. 

The magnetic field dependence of critical current density at 77.3K 
was also investigated. As the applied magnetic field increases, the Jc 
decreases as shown in Fig. 3. Degradation of Jc depends on the 
direction of the applied field to the substrate and to the direction of 
the current flow. If the current flows parall: to the magnetic field, no 
Lorentz force comes out and Jc should not be affected by the magnetic 
field. But Fig. 3 shows that degradation in this case has occurred. This 
indicates that the film has many obstacles to current flow and the actual 
current passes in a zigzag pattern. Therefore the magnetic flux 
accumulates force and degradation of the Jc occurs. As this film is 
polycrystalline, many grain boundaries may act as obstacles. In the other 
cases where the current and the magnetic field are perpendicular to each 
other, degradation is larger than the above case. Comparing the two cases 
(b) and (c) in the fig. 3, degradation of (c) is larger than that of (b). 
Magnetic flux which is parallel to the surface is pinned stronger than 
those which are perpendicular to the surface. The magnetic flux may be 
pinned at grain boundaries or stacking faults, which are mainly located 
parallel to the surface. Jc becomes 0.26 MA/cm2 under the magnetic field 
of even 0.5 tesla at 77.3K. This degradation is much larger than that of 
a HoBaCuO thin film which can sustain more than 1.5 MA/cm2 under the 
magnetic field of 1 tesla. 
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A TlBaCaCu0 thin file was also prepared by the sputtering(10). As 
thallium is volatile, the film is deposited without heating the 
substrate. This film was post-annealed around 900°C in oxygen and thalliua 
vapor. X-ray patterns of the as-grown film and the post annealed film are 
shown in Fig.4. The as-grown fils is amorphous, and the post annealed fils 
is c-axis textured polycrystalline. The superconducting transition of 
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zero resistance of this film is 115K. We also obtained a 2212 phase 
TlBaCaCu0 thin file, whose Tc was 102K. The temperature of Jc 
of this 2212 phase film is shown in Fig.5. The Jc of 3.2 MA/cm2 was 
obtained at 77.3K under zero magnetic field. Applied magnetic field 
strongly suppress the critical current densities(Fig.6). We found sany 
tiny pores which is probably caused by evaporation of Tl compound. These 
defects of the file and the grain boundaries will be the cause of rapid 
degradation of the critical current density by the applied magnetic field. 


Experimental results are summarized in Table 1. This include the 
results of high Jc inBaCuO thin film, too. We obtained high Jc 
superconducting LnBaCu0 (Ln: Ho,Er,Y), BiSrCaCuO0 and TlBaCaCu0 thin films. 
These films have more than 3MA/ca2 at 77.3K under zero magnetic field. 
Applied magnetic field strongly suppress the Jc in poly-crystalline 
BiSrCaCu0 and TlBaCaCuO files compared with in the case of the single 
crystal LnBaCuO fils. 


Tablel Characteristics of high Jc 
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ABSTRACT 
In order to discuss the effects of boundaries on Jc, two 
experimental results are presented. The microstructure of ErBa,Cu,0, , 





films prepared by sputtering are examined by 4 
are observed in the film with a low Jc, and Jc is cons 
affected by the sub-boundaries rather than by the twin boundari 
Artificial crystalline defects are formed in a epitaxial film using a 
focused ion beam technique These defects show the properties of 
weak link junctions. 





Since 1986, superconducting oxides with high critical temperature 
(Tc) have been discovered in succession[l1-4]. These superconductors 
are expected to create new electronic devices which make better use 
of their properties. When new superconducting oxides are used for 
electronic deviczs, thin films with high critical current densities 
(Jc) must be growm on various substrates such as semiconductors and 
oxides. And controllable Josephson junctions must be fabricated in 
these films, too. Though high Jc of l10°A/cm’ at 77K has been 
achieved in films prepared by sputtering and reactive evaporation [5- 
7), the essential factors which determine the Jc of the oxide 
superconductors are not clear. Weak link junctions have been 
fabricated using grain boundaries of polycrystalline films and have 
been applied to make SQUID's (6, 9). However, it is difficult to 
control the properties of junctions as far as polycrystalline films 
are utilized. These problems come from the lack of knowledge of Jc 
in oxide super-conductors. In this presentation, we show our results 
of the preparation and characterization of ihin films, and of the 
fabrication of weak link junctions for fruitful disccusions. 





CHARACTERIZATION OF MICROSTRUCTURE OF THIN FILMS 


Film preparation 


ErBa,Cu,0,., films were prepared by sputtering onto the heated 
substrate (600T) in a gas pressure of 4 Pa. The sputtering gas was a 
mixture of Ar and Q ({1:)). Substrates used were MgO (100) and 
SrTio3 (110). After deposition, the films were post-annealed at 800- 
900T for 2-40 h in GQ atl atm Film thickness was 0.7jm The sicro- 
structures of the files were examined by using a transmission 
electron microscope. Electrical properties are measured by a 
conventional four-point probe techn'que. Magnetic field dependence 
of Jc was measured in external magnetic field of 1T in maximum 
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Measurement of Jc and observation of micro-structure 





Deposited films had 
smooth surfaces. The X-ray 
diffraction analysis showed 
that the film on MO sub- 
strate was highly oriented 
in c-axis. High resolution 
TEM image of the cross- 
section of the film deposit- 
ed on MgO (001) showed that 
the a-b basal plane of the 
film was parallel to sub- 
strate surface and that con- 
tinues in a wide range. The 
Jc along a [100] direction 
of the film was as high as 
10° -10° A/c’ . This high 
value may be the result of 
the continuation of the 
basal plane where super- 
conducting current flows. 
However, the samples with 
low Jc’s were sometimes 
prepareed even when they 
were grown under the same 
conditions. The TEM images 
and diffraction patterns of 
the films which have dif- 
ferent values of Jc are 
shown in Fig. 1. These 
bright field images were 
taken with electron inci- 
dences of the {001}. The 
twin lamellas which lie on 
{110) planes are clearly 
observed. And there are 
many domains. The number 
and the spacing of twins 
are almost the same in these 
images. Feature of the TEM 
image of the low Jc film is 
the existence of subgrains. 
Misorientation between each 
subgrain can be estimated 
from the angle difference 
of twin directions, the 
contrast of subgrains and 
electron diffraction  pat- 
terns. There are many sub- 
grains in the film with low 
Jc and the misorientation of 
these subgrains are large. 
Jc is considered to be af- 
fected by the sub-boundary 
rather than by the twin 
boundar ies. Sub-boundar ies 





Fig. 1 TEM images of ErBa,Cu;0,., 
films prepared on MgO (100) sub- 
strates. (a)Jc=10°A/co’, (b) Jc=10° 
A/cor and (c)Jc=10* A/c’ 











act as weak link junctions and lower the Jc because of the quite 
short coherent length of the oxide superconductors [10]. The 
measurement of external magnetic field dependence of Jc also showed 
that the twin boundary has little role in pinning the magnetic flux 
motion [7] . 


FABRICATION OF A WEAK LINK JUNCTION 


Fabrication process 


SrTiO, (110) substrates were used for epitaxial growth of super- 
conducting films. Gallium (Ga) ions were irradiated on the substrate 
by sweeping a focused ion beam (FIB) at a energy of 30kV and dose of 
4x10'*~4x10'*/cm®. The length of sweeping beem linés was 0.5mm The 
superconducting film was prepared by sputtering onto the substrate. 
Growth conditions were the same as mentioned above. The damaged 
region obstructed the epitaxial growth and this caused a crystalline 
defect in the film 


Characterization of artificial 
defects 











When the ion dose was 
more than 4xl0O'*/cm’, dark 
lines were observed on the 
substrate by an optical 


microscope. Contrast of 
these lines was clear with 
their dose. Epitaxial 


growth was confirmed by X- 50pm 
ray diffraction after depo- 

sition of the film Line Fig. 2 Photograph of a patterned 
defect was formed on the specimen for measurement of I-V 
film where dose was more properties. A line defect is 
than 10'*/cm* as shown in located at the neck region. 
Fig. 2. 


The generated voltage SPER OUTING 
when a bias current (I) was CEFECT FILM 
swept at 4 Hz across this 
line defect was measured. aes 


In this measurenment, a neck 
was formed by removing the 
film mechanically as shown 
in Fig. 2. The current- 
voltage characteristics were 
measured at 4.2K with a con- 
ventional four-point probe 
method. The typical curves 











1 (20 mA/div) 


1 (10 mA/dew) 





for the circuit crossing the tO? wide? ¥ (0.2 mv fai) 
defect and for one in a ACROSS A OEFECT BLANKET REGION 
blank region are show in 

Fig.3. At 4 2K, an critical Fig. 3 I-V characteristics of a 
current density of this film circuit straddling the defect and 


was too high to generate one in a blank region 








voltage. On the other hand, critical current crossing the defect was 
low and voltage was detected At 77K, critical curents for both 
circuits decreased, and I-V curves show gradual charge. Temperature 

of Ic for the circuit straddling the defect was of form 
I,a(1-T/Tc)* *. Here Tc is a critical temperature 83K This is 
Similar to the result obtained for dc SQUID which utilizes grain 
boundaries for junction {9}. These results indicate that this 
artficial defect acts as a weak link junction. 


ErBa,Cu,0,., films were prepared onto MgO and SrTiO, substrates by 
sputtering and their micro-structures were examined by TEM The 
observation indicated that sub-boundaries caused the decrease of Jc. 
In order to control the Jc, artificial crystalline defects were 
fabricated in a epitaxial film using a focused ion beam technique. 
These defects showed the prpperties of weak link junctions. 


The authors are gratful to Dr. T. Suganuma for his useful 
disccusions. Thanks are also extended to Mr. T. Fukazawa, A 
Tsukamoto and T. Shimotsu for the film preparation and TEM 
observations. 
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ABSTRACT 


Epitaxial growth of (001) oriented YBaCu on (100) 
SrTiO, and (100) MgO by activated reactive of ot ee was 
investigated by in-situ reflection high energy electron 
diffraction. Formation of the perovskite structure was observed 
for the first atomic layer on the substrates, and the subsequent 
layers exhibited a layer by layer growth. The’lattice spacing in 
the (001) plane of se. film on the (100) MgO had converted fron 
that of MgO to YBaoCu,0 when the thickness of the film came to 
a few unit cell length 6 of 1:2:3 structure. 





INTRODUCTION 


High temperature superconducting oxides thin films with 
excellent characteristics, such as good crystallinity, smooth 
surface and high critical current density were strongly required 
for the wide applications of the high temperature 
superconductivity. Recent trend of the preparation of the high-Tc 
films has been directed toward "in-situ" growth of the 
superconducting phase at relatively low temperatures to attain a 
smooth film surface which is suitable for the fabricating of the 
film devices. Several methods, including reactive evaporation 
with an activated oxygen source [1,2], reactive sputtering [3,4] 
and pulsed laser evaporation [5] , have been successfully applied 
to "in-situ" growth. 

We have Dat ttc demonstrated that a good quality single- 
crystal YBa.C (hereafter refered tp as ¥BCO) thin films 
with large Bhat current density ( 1x10° A/cm“ at 77K ) can be 
prepared by activated reactive evaporation [6]. In order to make 
progress in the formation of the high quality superconducting 
films, it is of significant importance to investigate the growth 
mode of the films from the first stage. 

Here we report the in-situ observation of the reflection high 
energy electron diffraction (RHEED) during the growth of YBCC 
thin films. The substrates used in this study were (100) SrTiO 
and (100) MgO. SrTiO. has a perovskite structure and good latticé 
matching with the YBCO (lattice misfit is less than 2%), while 
MgO has the NaCl structure and large misfit of 9%. Especially, in 
the last case, it is interesting to investigate when the 
perovskite structure of 1:2:3 compound is formed and how the 
lattice spacing varies. 


EXPERIMENT 
The YBCO films were prepared in a ARE system, assorted with 
the in-situ RHEED observation system and cold cathode type ion 


beam sources which is used for the pre-cleaning of the substrate 
surface. The Y and Ba metals were evaporated from the two 
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Fig.1 In-situ RHEED patterns observed during growth of YBCO on 


electron-beam heated sources, and the Cu metal was fros the 
alumina crucible heated by a tungsten wire. Each source had a 
its own quartz oscillating rate monitor and the source power was 
controlled by the feedback from the rate sonitor to saintain a 
constant evaporation rate for the film stoichiometry. The total 
overall growth rate was 0.8 [/sec. 

The oxygen incorporation was made by a oxygen gas flow fros 
the both side of the substrate. The loca ae". pressure near 
the substrate surface was sade to 10~ Torr, while the 
back ground pressure was kept at 10°’ Torr Sardi the deposition. 
And a oxygen plasma was produced in the chamber by RF power 
supply (100W) to activate the oxidation of Cu. 


RESULTS AND DISCUSSION 
In the first place, we mention about the result on the (100) 


SrTiO SrTio, wafer used was sliced from the single crystal 
ingot. which vas prepared by Verneuil method, and then 
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Fig.2 In-situ RHEED patterns observed during growth of YBCO on 
(100) MgO. : 


mecanically polisehed. The streaky RHEED pattern was observed for 
as-prepared substrate surface, however, the backgound level was 
relatively high and the streak was not so sharp. We made the 
cleaning of the surface of the SrTiO. by Ar ion bosbardsent 
( acceleration voltage : 600 eV ) at 650 T for 1 min. After this 
treatment the back ground level became very weak and the streaks 
aes very sharp. Then the YBCO film was grown on this substrate 
at 650 T. 
Figure 1 shows in-situ RHEED patterns during the growth of 
the YBCO film on the (100) SrTi0.. In this case, the in-plane 
epitaxial relation between the YBCO and SrTiO, was [100] YBCO// 
(100]SrTi0, and (110])YBCO//[110]SrTi0.. The thickness indicated at 
the RHEED pattern was the monitored Value by a quarts oscillating 
sensor located at near the substrate. It... Lear from this 
result that the perovskite structure of the tiin was formed fros 
the first atomic layer and no three disensional nucleation 
occured. The streaky RHEED patterns of the perovskite structure 
during the film growth suggest that the YBCO showed a layer by 
layer growth and the film surface was atomically smooth. 
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From the beginning of the film growth, extra streak pattern 
corresponding to the 2a, (a, is a lattice constant of the YBCO) 
appeared. This extra pattern remained after the substrate was 
cooled to room temperature. The streak pattern corresponding to 
2a, was also observed for the [110] incidence of the electron 
beam. This superstructure along the a-axis was confirmed by the 
[h00O]) scanning of the X-ray diffraction. Oxygen content of the 
as-grown film was found to be insufficient because the lattice 
Spacing Cy was rather large (co=11.75K) and the resistive 
superconducting transition was Tc(onset)=60K, and Tce(R=0)=45K. In 
order to make a optimum oxygen content, after the deposition the 
film was successively oxidized in the chasber below the growth 
temperature under the relatively high oxygen pressure (200Torr). 
After the oxidation, the extra streak disappeared. We assume the 
2x2 superstructure would be originated from the oxygen vaacancy 
ordering in the grown film. 

Figure 2 shows in-situ RHEED patterns during the growth of 
YBCO on the (100) MgO. The (100) MgO substrate was mechanically 
polished and then chemically etched by a nitric acid. The 
substrate was also etched in the chamber by Ar* ion beam as the 
same with the case of SrTiO... On the (100) MgO the YBCO shows the 
a -peeee epitaxial relation as [100]YBCO//[100)MgO and [110] YBCO/ 

110]MgO. 

As the MgO has the NaCl structure, the RHEED pattern of the 
substrate was made from the streaks corresponding to the lattice 
spacing of a,/2. When the thickness of overgrown YBCO came to 3~6 
A, which means the 1~2 atomic layers of the perovskite structure, 
the distinct streaks corresponding to the lattice spacing of a 
which is characteristic for the perovskite structure appeared an 
its intensity increased with the increase of the thickness. The 
lattice constant a, of the MgO at 650 T can be calculated to be 
4.25 i using the thermal expansion coefficient and we regard the 
distance of the streaks of the substrate to corresopnd with this 
value. The lattice spacing of the YBCO calculated from the 
distance of the streaks had a very near value with MgO untill the 
thickness came to 12 A. However, when the thickness came to 24 A, 
the lattice spacing of the YBCO drastically converted to 3.9 A, 
which is really the one of the YBCO itself. 

In conclusion, we have demonstrated that the YBCO showed a 
layer by layer growth on the (100) SrTiO, and (100) MgO. This 
result gives a hopeful prospect to attain’a highly perfect fils 
surface for fabricating a junction structure. 
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ABSTRACT 


Ba;.,K,BiO3 thin films were cpitaxially deposited on MgO substrates by using an 
oxygen ion source of ECR-type. As-grown films showed superconductivity, when 
substrate temperature was about 500°C and x valucs 0.3 to 0.4. Measurements on 
their lattice constants, superconductivity, and optical reflection were carried out. 


INTRODUCTION 


All the Cu-based high Te oxide superconductors have a Cu-O layered crysial 
structure and many researchers attribute the high Tc to those structures. Because 
of the layered structures, oxide superconductors. have large anisotropy and very 
small coherence length along the c-axis. On the contrary, Ba;.,K,BiO3 (BKBO) 
exhibits a maximum Tc of 30 K in spite of having a cubic symmetry('4). This fact 
brings about another possibility in the developement of high Tc materials. 
Further, the coherence length will become isotropic and this will be effective in 
the device application. 

However, the preparation of BKBO sampics needs complicated processes involv- 
ing sintering at high temperature in a reduced atomosphere and a short time 
oxidation at a low temperature. Those processes Icave oxygen defects and un- 
uniformity of K-ions disiribution in those samplics and such structural imperfec- 
tion impairs their clectrical propertics. 

This paper describes preparation and properiics of BKBO thin films by using the 
reactive evaporation method assisied with ECR ion beam oxidation. This method 
makes it casy for K ions to be introduced into films together with other consti- 
tuents. We have succeeded in obtaining superconducting as-grown BKBO films. 


EXPERIMENTS AND RESULTS 


The system involves three K-cells for metal sources and an ECR ( Electron Cyclo- 
tron Resonance) ion source, which was relatcd in our previous paper'5). Based 
pressure in the vacuum chamber was reduced to 10°4 Pa with a diffusion pump. 
The oxygen beam was bombarded onto a subsiraic simultancously with three 
evaporated beams to form oxide films. The ECR ion beam was introduced through 
the outlet of 10 cm in diameter and was acccicratcd by bias voltage of 50V. The ion 
current density was monitored by Faraday cups. The maximum ion current 
density was 300 pA/cm? using oxygen gas Mow of 3 SCCM and neutralized to be 50 
ywA/cm? with a filament heater. When the ion beam was not neutralized or the 
gas flow amount was less than the above valuc, as-grown films could not become 
superconducting. Granular metals of Ba. K and Bi were used as metal sources. 
Metal composition in the film was adjusted by controlling cach evaporation ratc. 
Typical preparation conditions arc listed in Table 1 and 2. 

BKBO thin films were deposited on (100) MgO and (110) SrTiO; substrates at 500°C. 
in both the cases, the films grew cpitaxially on the substrates. However,when the 
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composition was near at x = 0.2, cracks often arised im films. The reason is not 
clear al present. 

Figure 1 shows the x-ray patiem of a BKBO film on a (001) MgO. Small peaks of 
ee ee ae See fe ee & Se le coe Se 
small(1.2%). In the case of SrTiO03, no such peaks were deiccied in spite of a large 
lattice constant misfit of 11% against the substrates, because both are of 
perovskite- 7 

2 shows K/Bi dependence of the lattice constant. The lattice constant 
decreases with increase of K/Bi ratio below about 0.4 similarly to the result of 
Hinks and others‘5), but it increases above 0.4. The films of x = 0.25 to 0.4 became 
superconducting. 

Figure 3 indicates temperature dependences of the magnetic moment at 40 G of 
an as-grown film whose K/Bi ratio is about 0.35. The sample thickness was about 
500 nm and the area 2 x 3 mm?. The moment was rather reduced by annealing at 
400°C in an oxygen flow for 2 hours. 

In Fig.4, the change of H,; of the same sample as in Fig.3 is plotied against 
temperature, compared with the data of Batlogg and others‘2). Both the data agree 
with each other. 

In Fig.5, the optical reflection of a BKBO film is shown together with the data of 
a BPBO (by Tajima and others‘5)). The theoretical curve of the BKBO film was 
calculated by using the same value as in the case of the BPBO sample. The plasma 
frequency of the BKBO film is about 700 nm, while that of the BPBO sample is about 
880 nm. The shorter wavelength may indicate the increase of the carrier density. 


CONCLUSION 


BKBO thin films grew epitaxially on (001) MgO and (110) SrTiO; substrates by 
using a reactive deposition sysiem with a oxygen ion source of ECR-type. The 
lattice constant agreed with the data reported, but showed an increase above x = 
0.4. The superconducting properties agreed with the data reported so far. The 
optical reflection showed a plasma wavelength of about 700 nm. The shorier 
wavelength may indicate the increase of the carrier density. 
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Table 1 Typical evaporation conditions 





deposition rate k-cell Temp. 
10 


K 150 -C 
Ba 3 650 
Bi 5 500 
BKBO 3 Ajsec 


Table 2 Typical oxydation conditions 























lon energy 50 eV 
Ion current density 150 pA/cm?2 
(before neutralization) 
50 pA/cm2 
(after neutralization) 
Substrate temp. 500 °C. 
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Fig.1 x-ray diffraction pattern of 
a BKBO film on (100) MgO. 
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The K/Bi ratio is 0.35, the 
thickness about 500 nm, 
and the area 2 x 3 mm. 
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ABSTRACT 


Crystal lized as-grown 8i(Pb)-Sr-Ca-Cu-O thin films are formed by 
laser ablation method at the substrate temperature as low as 480 T under 
No0 gas flow. The as-grown thin film which has a crystal structure 
consisting of four or five layers between adjacent Bi50. layers 
can be formed by combination of gas flow and “successive deposition 
method" with excimer laser pulses. 


INTRODUCTION 


We have prepared thin films of Bi-Sr-Ca-Cu-O (BSCCO) and 81(Pb)-Sr- 
Ca-Cu-O(BPSCCO) by laser ablation[1,2] under N50 gas flow, and have 
succeeded in the formation of crystallized as thin films at the 
substrate temperature as low as 480°C. The films were prepared by a 
"successive deposition method" (Fig.1) using multi-targets. he 
application of the successive deposition method to the controlling of 
the number of Cu-05 layers in the BSCCO film was tried with a multi- 
target magnetron shuttering method[3] at 650 C. We have tried to 
control the structure of the Bi based supercorducting film: by the 
successive deposition method at lower substrate temperatures with laser 
ablation using activated oxygen from By this technique, we have 
formed as-grown 81(Pb)-Sr-Ca-Cu-0 film containing one to five Cu-0, 
layers at 480 T. 


EXPERIMENTAL 








The films are formed on a Mg0(100) substrate using pulses of Arf 
excimer laser(193nm) focused on the target placed on the opposite side 
of the substrate. Pellets of 8150, SrCu0,, and CaCud, were used as 
targets for BSCCO films, and those of B17Pb30., SrCu0."and CaCu0. for 

films. Film deposition was carried ut’ success! vely from $i 
or Bi7Pb30,, for 20 sec with 7 Hz repetition rate, SrCu0,, for 10sec, 


| repeated 


¢, 23 
—— Cot, 
B10; 


MgO (100) (BizPb30,) 























Fig.) A schematic representation of multi-target successive 
deposition for 81(Pb)-Sr-Ca-Cu-O film 
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CaCu0. varying length of time and Srtu0, for 10 sec that consist of one 
cycle The deposition time for CaCu0_~ was changed between 50 sec and 
90 sec (Fig.1) in order to prepare the Films with different numbers of 
Cu-O layers. The samples were prepared with 20 - 30 cycles to form 
600 - thickness under oxygen or N50 gas flow maintaining pressure 
of 10°* to 1 torr. 


RESULTS AND DISCUSSION 


As films of BSCCO with 700A thickness as obtained from 20- 
cycle deposition under Op atmosphere had very weak and broad X-ray 


diffraction peaks when the substrate temperature was 600 C. The films 
formed at lower substrate temperature were amorphous. These results 
indicated that the crystal lization of the as-grown film did not occur or 
hardly proceeded in those temperature regions under oxygen atmosphere. 
At higher substrate temperatures(>600 C), the diffraction peaks of 
impurity phase attributable to 8i(Sr,Ca)O. grew and the peaks of 
BSCCO phase did not become larger. Theref a crystallized as-grown 
film was not obtained under these conditions. A weak and wide 
diffraction peak at 26= 4°- 6° corresponding to 002 of BSCCO system, 
however, was shifted towards lower angles with increase in the 
deposition time of CaCu0. in the cycle. This shift of the peak 
position indicates that the precursor of BSCCO compound was already 
formed in the as-grown film and the lattice constant of the c-axis of 
that precursor became longer with increasing of the deposition time of 
CeCu0 Therefore, Oo atmosphere during deposition is not adequate 
enougl to form a crysté] lized as-grown film below 600 C, but sintering 
procedure at high temperature is needed. 


In order to obtain crystal lized as-grown films at lower temperatures 
and to contro! the number of Cu-O5 layers in the structure, much 
stronger oxidizing agent of No0 was used instead of O09 gas. As the Pb 
doping for this system is known to facilitate the formation of high Tc 
phase, BPSCCO films are prepared by the same successive deposition 
method using BizPb20., SrCu0., CaCu0, targets at 520°C.  Fig.2 shows 
the change of the “a y diffraction patterns of these as-grown BPSCCO 
films against the deposition time of CaCu0 These films had a 
thickness of 600 - 800A after 20 - 30 cycle deposition. The 
indication of the diffraction patterns in Fig.2 is that, when the 
deposition time of CaCu0, was short, the film had diffraction peaks due 
to 80K phase(double ct-0, layers), its lattice constant c being 
30.6A.(Fig.2 (a)) As the deposition time of CaCuO. increases, the 
lattice constant c becomes longer and 110K, phase dith triple Cu-0 
layers appears whose c-axis length is 37.3A.(Fig.2 (b)) The phase 
having lattice constant larger than 37A wes obtained in the region of 
longer deposition time of CaCu0..(Fig.2 (c.d)) The lattice constants 
c of these phases, calculated onthe basis of the indices shown in Fig.2 
(c,d) were 43.5A and 50.0 These values correspond to the lattice 
constant of the structures having four Cu-O05 layers and five Cu-0 
layers, respectively, between adjacent Bi layers. Thus, we believe 
that not only one to three Cu layer structures but also four and five 
Cu-05 layer structures with the c-axis oriented perpendicular to the 
substrate surface was achieved in these films. These results show that 
the number of Cu-05 layers even in the as-grown films made at 520 C 
could be contro! led The diffraction peaks of these phases, however, 
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Fig.2 The change of the X-ray diffraction patterns of 6i-Pb-Sr- Ca-Cu- 
0 as-grown films at 520°C under No0 gas flew with the change of the 
deposition time of CaCu0, in a cycle. 
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Fig.3 The X-ray diffraction patterns of Bi(Pb)-Sr-Ca-Cu-0 
as- grown films at 480 ‘C(a,b). (a) The lattice constant 
c is 43.5A corresponding to four Cu- O> layer structure. 
(b) The lattice constant c is 50.0 corresponding to 
five Cu-O> layer structure. 


shows that the films contained some impurity phase, such as Bi(Sr,Ca)O 
The film formation at lower temperatures was quite effective in reduci 
the impurity phase. In the X-ray diffraction pattern of the film 
containing 4 and 5 (-. layers as prepared at substrate temperature of 
480°C (Fig.3 (a,b)), *he Bi(Si Ca)0,, was not seen though the peaks of 
BPSCCO became a little bit weaker. 

In summary, the numbers of Cu-0. layers in Bi(Pb)-Sr-Ca-Cu-0 can be 
controlled by successive deposition method using a laser ablation of 
multi-target. In BPSCCO as-grown films, the structure having large 
lattice constant, of csaxis corresponding to four and five Cu-Op layer 
structure(c= 43A, 50A) can be formed even at 480°C by this method. 
During the laser ablation, the introduction of dinitrogen monoxide(No0) 
gas definitely enhances the crystallization of the as-grown films, 
allowing the diffraction peaks of BPSCCO phase to be seen in the as- 
grown films even at the substrate temperature of 480°C. We expect that 
NoO gas may be effective in a film formation of other high-Tc 
superconductors at lower temperature. 
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ABSTRACT 


High-Tc superconducting Ba2YCu30, thin films have been epitaxially grown 
on Si(100) substrate using the epitaxially grown tetragonal Zr02 or cubic 
yttria-stabilized zirconia (YSZ) as a buffer layer. The thin films were 
prepared by rf magnetron sputtering of the stoichiometric Ba2YCu30, target 
below 700 °C. The adequate positive substrate bias was necessary to make 
surface smoothness and to show the superconducting transition above liquid 
nitrogen temperature without any post-treatment. The highest Tc(onset) and 
Te(end) observed were 88 K and 84 K, respectively. 


INTRODUCTION 


Since Bednorz and Miiller have reported a possible high-Tc 
superconducting La-Ba-Cu-0 [1], many scientists all over the world 
intensify their efforts to apply the high-Tc superconducting materials to a 
viable technology. Especially, the technique to fabricate thin filmzs of 
the new materials is indispensable for electronic applications. In 
literature, these films have been only successfully deposited with smooth 
surface and good superconducting properties only on single crystalline 
substrates such as SrTiO3, MgO, or Zr02, so far. However, the use of these 
substrates brings disadvantage for the application of the high-Tc 
superconducting oxide as a part of electronic devices using established 
VLSi technology based on Si. Although the direct deposition on Si 
substrate has been desired, the interdiffusion between substrate and film 
and cracks in the films result in poor superconducting qualities [2-5]. 
Therefore, it has been recently found that the buffer layers such as Pt, 
MgO, Si0> and ZrO> [6-8], are quite useful for preparing good 
superconducting films on Si. 

This paper reports successful as-grown preparation of superconducting 
epitaxial BazYCu30, thin films with Tc(end) above 80 K on Si using Zr0> or 
yttria-stabilized zirconia (YSZ) as the buffer layer, without any post- 
treatment by rf magnetron sputtering with the adequate positive substrate 
bias. 


EXPERIMENTAL 


Epitaxial ZrO2 (9] or YSZ [10] ( (Zr02);_q(¥203)_ : m=0.09) films were 
deposited on p-type Si(100) substrate at 800 °C by electron beam 
evaporation of ZrO or YSZ pellets at a pressure of 6.7x1073 Pa (5x10-5 
Torr). Before deposition, Si substrates were chemically and sequentially 
cleaned in a hot aqueous solution of HCl and H305, in an aqueous solution 
of NH,OH and H209, in diluted hydrofluoric acid, and rinsed with deionized 
water. The Si substrate was electrically heated by the self-resistance. 
The deposition rate of Zr0> films was about 10 nm/min and thickness was 


typically about 100 nn. 
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The films of BazYCu30, were deposited on Zr02/Si(100) or YSZ/Si(100) at 
~700 °C by rf ceieanaen sputtering [8]. The target used was stoichiometric 
BaoYCu30, powder which was made by sintering the mixture of BaC03, Y203 and 
Cu0 at 900 °C for 8 h in 02 atmosphere. Sputtering carried out in 
ultrapure Ar + 50°60 2 O> atmosphere with sputtering pressure of 0.67 to 
4.0 Pa (5 to 30 mTorr). The applied rf power was 150 W for the target of 3 
inch diemeter. The Si substrate was electrically heated by the self- 
resistance and the substrate electrode was usually electrically grounded. 
The deposition rate was typically 2%4 nm/min and the film thickness was 100 
to 600 nm. The crystallographic properties of BazYCu30, films were 
investigated by X-ray diffraction (XRD) and reflection high-energy electron 
diffraction (RHEED). Stoichiometric and uniform formation of Ba2YCu30, 
films were investigated by X-ray photoelectron spectroscopy (XPS) — 
Rutherford back scattering (RBS) of 2 MeV He* ion. The temperature 
dependence of de resistance of the films was measured by the conventional 
four-probe method, with de current. The surface morphology of the films 
was observed by scanning electron microscope (SEM). 

In order to achieve stoichiometry of the films sputtered on the 
substrate, we put the substrate at off-centered position for the 
stoichiometric target [11,12]. The substrate position was more than 4 cm 
away from the anode center and the distance between target and substrates 
were about 2 cm. The obtained composition by RBS analysis for these films 
is rather close to the stoichiometry within several percent accuracy, with 
the wide range of sputtering condition. 


RESULTS AND DISCUSSION 


XRD and RHEED pattern of as-grown BazYCu30, (100 nm thick) on Zr02/Si 
proves the epitaxial growth of tetragonal BazY¥Cu30, with c-axis 
perpendicular to the ZrOo layer. The lattice constant c, calculated from 
the Bragg angle of (006 006) reflection line is c,=11.789 i and the oxygen 
content x is 6.2 [13]. However, no superconducting transition could be 
observed for the as-grown films above liquid nitrogen temperature. 

To provide a suitable amount of oxygen intc the deposited films and 
protect the films from the bombardment of the charged particles, a positive 
bias voltage was applied to the substrate since this seems to achieve the 
surface smoothness and to provide a suitable amount of oxygen to improve 
the superconducting properties. The applied bias voltage was the positive 
range from 0 to 50 V. Figure 1 and 2 show XRD and RHEED pattern of as- 
grown BazYCu30, (about 200 nm thick) prepared with bias voltage of 40 V for 
YSZ/Si(100), respectively. These figures reveal the epitaxial growth of 
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CONCLUSIONS 


High-Te superconducting BajYCu30, thin films have been epitaxially grown 
on $i(100) substrate using the epitaxially grown tetragonal Zr0> or cubic 
YSZ as a buffer layer. The films were prepared by rf magnetron sputtering 
of the target with the stoichiometric composition BasYCu30, below 700 °C. 
The as-grown BazYCu30, thin films prepared with positive substrate bias and 
with off-centered substrates have very smooth surface and show the 
superconducting transition above liquid nitrogen temperature without any 
post-treatment. The highest Tc(onset) and Tc(end) observed are 88 K and 84 
K, respectively. 
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ABSTRACT 


The Bi-0/Sr-Ca-Cu-0 auitilayered films have been synthesized by two 
target reactive magnetron sputtering. It is shown that the modulation wave 
length A. corresponding to c/2 of the crystal, can be simply controlled by 
varying the the deposition time for one layer unit of Sr-Ca-Cu-0 while 
that for Bi-O being kept constant. The resultant films Have been found to 
have smooth surface and have A ranging from 12 to 26 A which is almost 
equal to the lattice constant c/2 found in the bulk Bi-Sr-Ca-Cu-0O systes. 
The layered structure has been confirmed by transmission microscopy. Their 
thermal stability will also be reported. 


INTRODUCTION 


Soon after the discovery of multiphase oxide superconductors in the 
Bi-Sr-Ca-Cu-O system [1], it was realized that these phases can be 
distinguished by the number of CuCa0, perovskite layers sandwitched by two 
BiSr0,s, layers [2]. Frequent observations of many phases having different 
numbers of CuCaO, layers, ie Bi,Sr,CaaCung,0x (n=0-4) [3] suggest that the 
free energy of these phases has no sharp minimum against the number of 
CaCu0, layers. In contrast to the difficulty of obtaining a single phase 
by the conventional solid state reaction, it becomes recently clear that 
the sultilayer deposition technique is one of the most promising sethods 
to obtain a single phase having the desired layer thickness [4 and 5]. We 
have attempted to synthesize films with n=0 to 4 using the two target 
multilayer deposition technique. We shall report some new results on the 
structure and superconducting property of these files. 


EXPERIMENTAL 


The deposition technique used was two target reactive dc and rf 
magnetron sputtering. Targets were metallic Bi (dc) and sintered oxide 
Sr-Ca-Cu-O (rf) with a cationic ratio 2:2:2 in the above order. The 
reactive gas was Ar-10%0, which was blown directly to the substrate 
through oxygen nozzles. The total pressure during the sputtering seasured 
in the vicinity of the targets was 1 to 1.2 Pa. The substrate was cleaved 
(001) MgO and the substrate temperature (Ts) was varied from RT to 700°C. 
The modulation wave length A was adjusted by changing the sequential 
deposition time for each layer, typically 5W x 9s for the 6i-0 layer and 
140W x 16 to 36s for the Sr-Ca-Cu-0 layer; the sequence was repeated 100 
times to obtain a muitilayered film. To see the effect of annealing .the 
films were posted-anr*aled in air at 660, 730, 810, 850 and 870°C for 1 to 
3h. The resultant fiims were characterized by the conventional @-2@ Cu Ke 
X-ray diffraction (XRD), and by taking EDAX analysis, high resolution SEM 
images (HRSEM) and high resolution transmission electron micrographs. The 
electrical resistivity was measured by the conventional four probe method. 
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RESULTS AND DISCUSSION 


In order to obtain a desired modulation wavelength A of a multilayered 
film deposited at a given substrate temperature, we have kept the 
deposition time for the Bi-O layer constant and varied that for the 
Sr-Ca-Cu-0 layer. When the Sr,Ca,Cu, oxide target alone was sputtered on 
to the substrate kept at room temperature, the composition became 
approximately 1:1:1, ie Cu/(CatSr)=0.5. When the Bi and oxide targets were 
sputtered alternately to form a multilayered film, the composition of the 
film, ie Cu/(CatSr) was found to depend significantly on the amount of Bi 
in the file. Figure 1 shows such a relation observed in the filas 
deposited at various substrate temperatures. The Sr to Ca ratio in the 
films was almost independent of the sputtering conditions and was found to 
be around 0.8. The thick line in the figure shows a relation between the 
Cu/(SriCa) ratio and Bi concentration calculated from the idea] 
composition Bi,Sr,CasCuag,0x. The observed dependence of the Cu/(Srt#Ca) on 
the Bi concentration (and consequently on A) tells us that the sticking 
coefficient of each component is not only the function of the substrate 
temperature but also of the relative concentration of each component. Any 
deviation from the ideal composition, ie n=0,1,2>°*** . indicates the 
presence of chemical] disorder in the present fils. 

Figure 2 shows the X-ray diffraction patterns of the multilayered files 
deposited at Ts=650°C. The index 2.2.n.(nt1) in the figure shows that the 
produced film was attempted to simulate to Bi,Sr,CasCun4,0% (n=0-4). All 
the diffraction lines can be assigned to (009). Those patterns for n=0 to 
3 are nearly similar to the recently published results [4] except for the 
fact that the present patterns show no significant peaks arising from 
impurity phases such as CuO. Since the diffraction peaks observed at 20=- 
29°(Figure 2) arise from a single unit of stacking, the present 
as-deposited sultilayered film must be crystalline. 
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Figure 1 The molar ratio Cu/(CaiSr) vs Bi concentration 
(atomic fraction of cationic ions) in as-deposited 
multilayered films. 
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Figure 2 X-ray (Cu Ke) 
diffraction pattern of the 
as-deposited sultilayered files 
(Ts*650°C). simulated to the 
2201, 2212. 2223, 2234 and 2245 
phases. respectively. The 
integer @ marked on the 
diffraction lines represents 
the index @ of the diffraction 
line arising from (00@) planes. 

















The HKSEM image shows that the surface of the present aultilayered file 
is smooth indeed and neither grain boundaries nor precipitates are found 
in the figure. The smooth surface is in contrast with that of the files 
sputtered from a single composite target of bi Sr Ca Cu oxide onto the 
samc substrate kept at 650°C. in which many fine grains were found to 
grow. The resistivity vs temperature curve of the as-deposited 
sultilayered film was characteristic of semiconductecr, unexpectedly frosm 
the layered superconduct ing perovskite structure. When the film was 
annealed above 810°C, it became superconducting except for the file of 
the shortest A. ie the one sisulated to 2201. 

Figure 3 shows a high resolution transmission electron sicrograph of 
the cross section of the eultilayered 2234 film which was annealed for 1 h 
at 810°C. Wel] developed layered structures are clearly seen in the 
figure. The lattice constant c is evaluated to be 43 A which is in 
agreement with the expectation from the 2234 composition. In some portions 
of the figure the characteristic strain field gsodulation is also observed. 

The X-ray and HRSEM studies, however, showed that the sajor phase 2234 
decomposed into the 2212 and 2201 phases on the surface of the 
multilayered 2234 film when annealed for 1 h at 850°C. More detailed 
studies on the thermal stability will be reported in the conference. 


Main parts of this report were based on the paper to appear in Jpn. 
J.Appl. Phys. Letter. 


es > 





ai dias ae 
Figure 3. The high resolution transmission electron 
micrograph of the cross section for the multilayered 2234 
file. 
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ABSTRACT 


Epitaxial! film growth of artificial (BiO)(SrCaCuO) layered structures on MgO 
substrate was studied by using oxygen-gas-reactive dual ion beam ee nm 
and l 


shuttering technique. Single phase films having periodicities of 12, 15, 
(which are identical to bulk 24, 30, and 3 ) were selectively grown b 
adjusting the thickness of SrCaCuO layer wiched by BiO bi-planes. Hi Te 


c 
phase film with total thickness of about 300A showed a onset Tc of 110K and a Tc 
end point of 45K without post-deposition annealing. The shuttering technique 
seems to enable the a po by layer film growth and it is very effective for the 
formation of smooth and perfect epitaxial structure. 


INTRODUCTION 


Epitaxial film growth of the recent high Tc oxide superconductors(1,2 ,3] are 
quite important not only for application to electrical devices but also for studying 
superconducting properties of the oxides and thus contributing to the basic 
understanding of superconducting mechanism[4,5}. The Bi oxide superconductors 
have quite attractive layered structure where BiO bi-planes sandwiches SrCaCuO 
perovskite type layers and the origin of the high temperature superconductivity is 
considered to relate to the layered structure. The purpose of this research is to 
investigate the possibility of artificial structure control of the oxide 
superconductors. In this study, we used oxygen-gas-reactive[6,7] dual ion beam 
sputtering[8,9]. lon beam SS to provide the best controllability for 

ux rate of oxide source material use of the —— beam stability in 
oxygen environment and to have an advantage for the substrate being free from 
the influence of sputtering _—. The shuttering technique for epitaxial film 
growth is expected to enable a new artificial structure which could not be 
synthesized by thermal equilibrium process. 


EXPERIMENTAL 


The sputtering system is provided with two sputtering sources and two 
shutters controlled by ew eee y og connected with film thickness monitors. An 
electron gun is also Eee or in situ observation of reflected high energy 
electron diffraction(RHEED). Two Kaufman type ion sources having hollow 
cathode(Ion Tech) were used for —- and the space inside the vacuum 
chamber was neutralized by a hollow cathode neutralizer. Oxygen gas was 
directed to the substrate from the special gas nozzle which encircles the substrate 
to keep the uniformity of gas pressure at the substrate. The substrate temperature 
and the oxygen gas pressure at the substrate were fixed to typical values of 605°C 
and 6X 10~*torr respectively. The sey of BigO3 and Sraba2Cus0, were used 
and film growth rate was about 0.18A for Bi oxide and 0.10A for SrCaCuO. Film 
growth by shuttering technique is performed by controlling the shutter-opening- 
time for each source material. In this experiments, all film structure was fixed to 
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first 12A of SrCaCuO buffer layer and additional 16 periods of (BiO)(SrCaCuO) 
layers which is identical to 8 unit cells of bulk superconductor. The buffer layer 
thickness of about 12A seems to be crucially important to achieve perfect epitaxial 
orientation on substrate, which the buffer relaxed the lattice mismatchi 

between the substrate and film. We additionally put a 4 minute interv 

between each deposition. The X-ray diffraction patterns suggested the 4 minute 
interval dramatically improved the quality of the la structure. After 
film growth, films were sg oy eee down to below 1 within 60 minutes at 
the same oxygen position. Film characterizations were carried out 
by mainly in-situ , X-ray diffraction and 4-probe resistivity measurement. 


RESULTS AND DISCUSSION 


Film growth of artificial (BiO)(SrCaCu0O) layered structures were successfully 
performed on ( mane | with 12A SrCaCuO buffer layer. Fig.1 shows the 


sequential change patterns along <100> and <110> azimuths 
during fi Foe The film structure was designed to have periodicities of 
(Bi0:5.5A( CuO:10A). Fig.1(a) and (e) are the patterns of the MgO substrate 


with <100> azimuth and <110> azimuth, respectively. Fig.1(b) and (f) are the 
patterns after growing the 12A of SrCaCuO buffer layer. The diffused pattern 
indicated the lattice :elaxation of buffer at the surface. Fig.1(c) and (g) show the 
patterns after the growth of 8 periods ( corresponding to 4 units cell of the bulk 
meee ) on buffer. Fig.1{d) and (h) show the pattern after 16 unit layers. The 
istinct steaks suggests that the wy! smooth and highly ordered film 
surface. The epitaxial relationship is (100) iSrCaCuQ/100}Mg0. The center 
lines and the strong streaks on the both sides are indexed as (000), (200), and (200). 
The clear but weak superspots due to the incommensurate modulation which exist 
along b-axis in a bulk single crystal also appears along both the MgO <100> and 
<010> azimuth, which indicates that is composed of two sets of epitaxial grains, 
originating from two equivalent directions of incommensurate structure. 


Table.1 Results of artificial Film Growth 








Sample designed structure 
No <BiO/SrCaCuO> periodicity second phase Te (k) 
(A) Ax2(A) onset-end 
(a) <5.5/13 > 36.8 + 110-45 
(b) <5.5/8.5> 30.1 not detected 70 - 25 
(c) <5.5/6.5 > 24 notdetected non super 





symbol” +" indicated the film contains a small amount of second phase 


The periodicities of epitaxial films were artificially controlled by adjusting the 
thickness of SrCaCuO layer. Fig.2 shows the X-ray diffraction patterns of the 
films with (a)36.8A, (b)30.1A, and (c)24A phases and these result are summarized 
in Table.1. Diffraction patterns of Fig.(b) and (c) show the intensity oscillation at 
low angle diffraction caused from extremely thin and smooth film. The peak to 

ak angle of low angle oscillation indicated the film thickness about 300A which 
is identical to the 1: yore value of the film thickness. pe eager tp of as 
grown film with 18A periodicity (which is identical to 36A phase of bulk crystal) 
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shows a Tc onset of 110K and the end point of 45K without post-deposition 
eee Ss eee ae with the bulk high Tc phase may indicate 
the i icient oxidation during film growth. 


SUMMARY 


In conclusion, ve Somanateaios the artificial layered 
structures epitaxially grown on (100) MgO substrate i -gas- ive 
dua! ion halen sputtering. Films with artificial — of 2, it and i oo 
selectively prepared by controlling the SrCaCuO _ thickness. The shuttering 
is Vv siisctive to form the emecth ond eoltaziel ilms. The layer by layer film 

seems to be achieved. 
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ABSTRACT 


Superconducting thin films of the Tl-Ca-Ba-Cu-0 system with a c-axis 
orientation were prepared on (100) MgO substrates by rf magnetron 
sputtering and subsequent annealing. The growth of superconducting 
phases is strongly dependent on the anneeling condition. Highly c-axis 
oriented films comprises of 2122, 2223, 1223 and 1324 phase were 
synthesized by controliing the annealing conditions and varying file 
thickness. These annealed films exhibited superconductivity with the 
tony tie at arn above 100 K and the critical current density 

t 77 Kk. 


INTRODUCTION 


Rare-earth-free superconductors of the Bi-oxide system [1] and the 
Tl-oxide system [2] have drawn considerable attention and have been 
studied by many researchers. It is well known that superconducting 
systems have some superconducting phases with different Ic for the number 
of Cy layers between the 81-0 or T1-0 bilayers. The number of Cu 
layers is two for the lower Tc phase with a composition ratio of 2:1:2: 
in Bi:Ca:Sr:Cu or Ti:Ca:Ba:Cu (2122 phase) and three for the higher Tc 
phase with that of 2:2:2:3 (2223 phase). Recently. new pheses of the 
form TiCa,_,BasCu,05.,, were discovered for n=i-5 [3,4]. This new TI 
oxide aysten contains n Cy layers between the T!I-O0 monolayer. In 
order to investigate an essential mechanism of these superconductors and 
apply to electronic devices. much effort has been paid for the 
development of the high-quality superconducting thin films [5-7]. We 
have beste. (8). — Cartatas0, [9] a . sCasbagt O° tol t pn 

? 9] and TI 10] thin fi 
ie we oie this paper, gles conditions of some 
Btls m- phases in thin films are reported. 


EXPERIMENTAL RESULTS AND DISCUSSION 


Ti-Ca-Ba-Cu-O thin films were deposited onto polished (100) MgO 
substrates using an rf-planar magnetron sputtering system. The target was 
obtained by reacting a mixture of BaCO, (99.9%) and CuO (99.9%) at 880 °C 
for about 8 h in air followed by sintering a mixture of Ti90, (99.5%), 
CaCO, (99%) and previously reacted BaC0,+Cu0 powders in a conared alumina 
crucible at 910 °C for about 8 h ‘2 air. The typical sputtering 
conditions are shown in Table I. The sputtering time was changed between 
1 h and 10 h yielding thicknesses of the as-sputtered films ranging from 
0.4 um to 4.um. The structure of the films was characterized by an I-ray 
diffraction technique with Cu Ka = radiation. The composition of the 
films was determined by inductively coupled plasma-emission spectrometry 
and electron-probe X-ray microanalyses. The temperature dependence of 
the resistivity was measured by the standard dc four-probe method with 
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Table I. Sputtering conditions. 


Target T1:Ca:Ba:Cu=2:2:1-2:3 
(10 cm in diameter) 

Substrate ( 100 )MgO 

Substrate temperature 200 °C (not controlled) 

Sputtering gas Ar:05=1:1 

Gas pressure 0.5 Pa 

rf input power 100 W 

Deposition rate 0.4 um/h 


gold electrodes deposited on the films surface. The as-sputtered films 
were generally an insulator in the amorphous state. 

In oredr to obtain superconductivity, heat treatments were carried 
out in an electric furnace under oxygen gas stream. Following two 
methods were tried for these treatments;(1)the specimens were annealed in 
the alumina crucible supplying T] vapor, (2)the specimens were wrapped in 
gold foil and annealed. 

First, the results for the former annealing method with the supply 
of Tl vapor are reported. The 11-Ca-Ba-Cu-O thin films of 0.4 um and 2 
um in thickness were annealed at 900 °C for 1 min in order to investigate 
the growth of superconducting phase in the different film thickness. The 
deposited films were obtained from the sputtering target of 
TipCaBa;Cu30,. By XRD analyses, the 2122 phase was confirmed for the 
0.4-um thick Film and the 2122 and 2223 phases were confirmed for the 2- 
um thick film, 

The XRD patterns of 2-um thick T1l-Ca-Ba-Cu-O thin films obtained for 
various annealing time at 900 “C are shown in Fig.1. The 2122 phase was 
dominant in the films annealed for the annealing time shorter than 3 min. 
On the other hand, in the films annealed for the annealing time longer 
than 3 min, the 2223 phase was dominant. In case of the annealing time 
longer than 10 min, only the 2223 phase was observed. This film showed 
highly c-axis orientation with lattice constant c of 35.6 A. The highest 
onset temperature of 125 K and the zero-resistance temperature of 118 K 
were obtained when the film was annealed_for 13 min at 900 °C. The 
critical current density was larger than 10° A/cm“. When the 2-um thick 
film was annealed at 890 °C for 13 min, the crystal structure consisted 
of the 2122 and the 2223 phases. When films were annealed at 910 °C for 
13 min, crystal structure constructed by single phase of 2223 was 
obtained, but these onset temperatures were lower than those for the 
films annealed at 900 °C for 13 min. Further, the thin film of the 2122 
phase with the zero-resistance temperature of 102 K and the xritical 
current density larger than 10° A/cm“ at 77 K could be obtained when the 
0.4-um film was prepared from the T19Cap8aoCu30, sputtering target and 
annealed at 900 °C for 1 min. This film exhibited a highly c-axis 
orientation with lattice constant of c=29.25 A, 

Secondly, the results obtained for the annealing by using gold foil 
are refered. In order to investigate the effect of the annealing 
conditions on the crystal structure and the superconducting properties of 
the films, the annealing temperature was varied between 890 and 910 °C, 
and the annealing time was set to 1 or 2 min. Figure 2 shows the X-ray 
diffraction patterns for four annealed films with different thickness. 
The films were prepared from a Tl5CaoBa;Cu,0, target and annealed at 900 
“C for 1 min. As is seen in Fig. 8, all of the X-ray patterns show sharp 
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FIG.1. X-ray diffraction patterns for 
2-ym thick T1-Ca-Ba-Cu-O films FIG.2, X-ray diffraction patterns for 
annealed by supplying T] vapor at 900 Ti-Ca-Ba-Cu-O films annealed by Au 
°C for different time:(a)3,(b)5 and foil at 900 °C for 1 min with 
(c)11 min. Dark spots and arrows different thickness; (a)0.4, (b)1.2, 
indicate c-planes of 2122 phase and (c)2 and (d)2.8 wm. 


2223 phase, respectively. 


periodical peaks. These patterns suggest that the c-axis orientation 
normal to substrate surface was obtained on the crystal structure of 
these films. For the films with 2 and 2.8 um thicknesses, their (00m) 
peaks shown in Figs.2(c) and (d) can be assigned by the diffraction of 
the T] 103 Bas CugO, (1324 phase) with the lattice constant c=19.05 A. This 
value Lerbes Fatt with the result reported for bulk materials [4]. The 
appearance of the peaks corresponding to the T1,CaoBa Cu30, (1223 phase) 
in the diffraction pattern of the 2.8-um thick film ndicates that this 
sample also contains a small] amount of the 1223 phase. In both annealed 
films, the (001) reflection was not observed. For the film with 0.4 yum 
thickness, its diffraction pattern shown in Fig.2(a) is dominated by the 
regularly spaced (00m) peaks of the 2122 phase. The diffraction pattern 
for the 1.2 um thick film shown in Fig.2(b) is found to correspond to the 
1223 phase with lattice constant of c=15.9 A [7]. The above experimental 
results indicate that the growth of these phases under the same annealing 
conditions depends on the thickness of the films. This phenomenon may be 
attributed to the decrease of the Tl content in films with the increase 
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of the film thickness. The 2-ym thick film showed the highest onset 
temperature of 120 K and zero-resistance temperature of 113.K in these 
annealed films. The critical current density of about 10° A/cm“ was 
obtained at 77 K. 

To obtain the optimum annealing conditions for the formation of the 
1324 phase with a high c-axis orientation, the 2- and 2.8-uym thick films 
were annealed at various temperature for 1 and/or 2 min. The crystal 
phases, onset temperature and zero-resistance temperature were 
investigated on these annealed films. The 1223 phase appeared when the 
films were annealed at 900 °C for 2 min and at 910 °C for 1 or 2 min. 
The onset temperature and contents of Ca and Cu decreased with the 
increase of the annealing temperature and annealing time. It can be 
concluded that the annealing at 900 “°C for 1 min is most suitable to 
obtain the 1324 phase. The increase of the annealing temperature and 
time resulted in the relative decrease of Cu content. This decrease is 
considered to be the cause for growth of 1223 phase. We believe that 
relatively high Cu and Ca contents are necessary for the formation of the 
1324 phase in thin films. The annealing at 890 °C usually gives the 2122 
phase which contains a higher T] content than the 1324 and/or the 1223 
phase. 

In conclusion, we have succeeded in the preparation of highly 
oriented c-axis Tl-Ca-Ba-Cu-O0 thin films with 2122, 2223 and 1324 phases 
by rf magnetron sputtering and post annealing. It can be concluded that 
the annealing with supplying T!] vapor is suitable to obtain the phase 
with the Cu-0, layers between the T1-0 bilayers and the annealing with Au 
foil to avoid a decrease of T] is suitable to obtain the phase with the 
Cu-0» layers between T)-0 monolayers. The critical current density at 7/7 
K was larger than 10° A/cm“ for all the superconducting phases. The 
larger critical current density can be expected by the finer controlled 
supply of Tl vapor at the annealing. 

The authors would like to thank Drs. S.Hatta, J.Zhou, S.Kawashima 
and T.Mitsuyu for their useful discussions. 
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ABSTRACT 


In order to improve the critical current density of Ag sheathed tapes, 
various attempts have been tried to make tapes as thin as possible. The 
pressing was most effective at present for obtaining a large critical 
current density. Also the use of hydrogen gas reduced powder was effective 
to eliminate the thermal induced microcracks and resulted in the 
improvement of the critical current. The best ,value of the critical 
current density in the present study was 35280 A/cm at 77K. 


INTRODUCTION 


The present oxide, Ba,YCu.0 .y Was found to have potentially the 
promising superconducting properties- The superconducting critical current 
of the thin film prepared by CVD technique has been recently reported to be 
very high at 77.3 K, exceeding 6x10 A/cm” even at 27 T [i]. In the 
technological view point for manufacturing the long scale magnetic wires, 
it is necessary to develope a more sophisticated mass productive process. 
The so called powder-in-tube technique is very vital for this purpose. In 
order to achieve high transport critical current for the composites of 
sintered powder sheathed by silver tube, several techniques for improving 
this process have been developed till now. The situation has been recently 
reviewed (2j. In this report, the effect of cold-working on the critical 
current density as well as the use of hydrogen gas reduced powder will be 
discussed from the microstructural viewpoint. 





EXPERIMENTAL PROCEDURE 


The process employed here was essentially a conventional powder-in-tube 
method, of which the detail was reported elsewhere(3,4]. The mixture of 
BaCO., Y,0. and CuO powders with stoichiometric proportion according to the 
formilla Ba. YCu.0 was calcined at 1173 K for 173 ks. Instead of Y.0., 
the rare éarth Sxide, Ho,O. was used in a part of the experiments. “The 
product was reground and filled in a silver tube with inner diameter (1I.D.) 
of 4 mm. The composite was deformed to the tape by the following 
alternative cold - working techniques. (1) After it was thinned 
intermediately by a grooved - rolling, the wire with 1.D. of about | mm 
was cold-rolled to make tape specimen. The thickness of oxide layer in the 
tape was controlled in the range between 500 and 30ym. (2) After it was 
thinned by wire - drawing up to 0.2 mm I.D., the wire was finally cold - 
pressed. The above two techniques ure called " cold - rolling" and " cold 
- pressing ", respectively. Both silver sheathed tape specimens were heat 
- treated at 1205 K for 72 ks and then cooled gradually with cooling = rate 
of 5 K/min. In case of the cold-rolling technique, the hydrogen gas reduced 
powder was partially used, of which details have been reported elsewhere |5j 
. The reduced powder consisted of Bad, Y,0. (or Ho,0.) and metallic copper. 
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The transport critical current measurements have been performed at both 
temperatures of 77 K and 4.2 K with criterion of 1 uwV/cm. The critical 
current density is defined as the current divided by the cross sectional 
area of oxide phase. After the partiai removement of silver sheath and 
polishment cf the tape specimen, the microstructure was examined by a 
polarization microscope. The crystallographical orientation of grains was 
investigated by X-ray pole figure technique. 


RESULTS AND DISCUSSION 


Effect of Hvdrogen Gas Reduction: The present process seemed to be 
advantageous in several points. The metallic composite has a high 
workability. The generation of cracks due to thermal tensile stress during 
heating is essentially avoided. At the stage of oxidization, the oxide 
layer is grown under compressive stress and a preferred orientation is 
obtainable in arrangement of grains. Fig. 1 shows the change of critical 

current density as a function of tape thickness of specimens. At 4.2K, 
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Fig. 3 Critical current density at 7° K as a function of thickness 
of BarYCus0,,, oxide layers made by both cold-rolling and pressing. 





(a) Cold-Rolling (b) Pressing 
Fig. 4 Microstructure at the cross-section of tape specimens. 











(a) Cold-Rolling (b, Pressing 
Fig. S (003) pole figure from the tape surface. 
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. 
the current density stayed maximumly up to 3000 A/cm”. The current density 
for the specimens made from the hydrogen gus reduced powder became larger 
than that for the conventional specimens. As shown in Fig. 2, it is 
clearly seen that the hydrogen reduced ilo specimen is superior in the 
magnctic field dependence of critica! current density. 


Effect of Cold-Working on Critica] Current: As shown in Figs. 1 and 2, the 
current desnity increased with decreasing the tape thickness for the 
specimens made by cold-rolling technique. In Fig. 3, the current desnity 
for the specimens made by both cold-rolling and cold-pressing techniques. 
The same results have been alrcady reported from Sumitomo Electronics |2]. 
Clearly the current density increases with decreasing thickness for both 
groups of experimental data obtained by different techniques of cold- 
working. The cold-working induced resultantly a textured structure in the 
sintered oxide layer as shown in Fig. 4. For the tapes with the higher 
degree of cold- working, the number of voids among grains was observed to 
decrease, suggesting the higher densification of the sintered body. Fig. 5 
shows a typical result of (0035) pole figure for the specimen made by 
cold-rolling. Two intensity maxima appear at symmetrical positions 
indicating that the c-axis inclines in average by about 50 degree from the 
surface normal. Fig. 5(b) shows the pole figure for the specimen made by 
pressing. The intensity profile is similar with the former one, but is 
concentrated much more in the centered region, indicating that the c-axis 
tends to become more parallel to the surface normal. 





Comparing with the results for the epitaxially grown thin films [1], 
the transport critical current densities are very limited for the 
polycrystalline tape specimens. This might be attributed to weal links 
associated with the grain boundaries |5]. The direct mechanism explaining 
the increase of critical current by the texturing has not been vet made 
clear. Dimes et al |5] reported that even only minor misorientations of 
neighbouring grains sharing a parallel c-axis produces a drastically 
reduced intergrain critical current density. Furthermore it is suggested 
that Josephson barrier at the grain boundary contacting with each a-b plane 
is very weak and resultantly the critical current density becomes very 
small. From such an argument, it is possible to explain the big change of 
critical current density depending on the different cold-working technique. 
Conclusively, the increase of critical current density with increasing 
degree of cold working might be attributed to the formation of {001} 
alignment of grains parallel to the tape surface. 
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ABSTRACT 


Ag-sheathed high Tce superconducting tapes were fabricated by a 
drawing-rolling method, using YBa,CuO, (YBCO), Tl1,Ba,Ca,Cu0, 
(TBCCO) and T1,(Base,Sre,)-CacuO, (TBSCCO). The critical 
current density Jc reached 3300 A/cm’ and 10° A/cm’ at 77 K in the 
YBCO and TBSCCO tape, respectively. A series of SEM observation and 
neutron diffraction analysis revealed that crystallite alignment 
Was enhanced through the cold rolling process and the subsequent 
heat treatment. 


INTRODUCTION 


Since the discovery of high Tc oxide superconductors, a number of 
studies have been made on the preparation of wires by podwer 
methods. The Jc's of the superconducting wires reported so far are, 
however,in the order of 10° A/cm’ at 77K in the absence of external 
magnetic field. For the power applications, it is prerequisite tu 
develop a superconducting wire with Jc above 10° A/cm’ in the 
presence of maynetic field. The authors have developed Ag-sheathed 
Superconducting tape by a drawing-rolling meth«ud'*. In this 
paper, the Jc's of the superconducting tape are discussed in 
relation to the microstructure of superconducting crystallites. 


EXPERIMENTAL 


Ag-sheathed superconducting tapes were fabricated by the 
drawing-rolling method shown in Fig.1, using YBCO (Tc,.0290 K), 
TBCCO(Tc,..0.2118 K) and TBSCCO (Tc,.«#115 K) powders. The Tc,...# 
values in the parentheses were resistively measured, using a 
respective pellet. The YBCO powder was prepared from Y,0., BaCco, 
and CuO with the purity of 99.9 %. The TBCCO and TBSCCO powders 
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were prepared from T1,0,, Bac0O,, SrcO, (used only for TBSCCO), 
Caco, and CuO. It has been found that T1l-Sr-Ca-Cu-O system gives 
superconductor with Tc 100 K*", and the TBSCCO has a higher 
superconducting volume fraction than the TBCCO. The Jc of the 
superconducting tape was resistively measured in the absence and 
presence of external magnetic field up to 9T. The criterion for the 
Jc was 1 AV/cm. The microstructure of the superconducting core was 
examined by SEM observation and neutron diffraction analysis. 


RESULTS AND DISCUSSION 


Jc's of Ag-sheathed superconducting tapes 


Figure 2 shows the Jc's of Ag-sheathed superconducting tapes in 
relation to their thickness, measured at 77 K in the absence of 
external magnetic field. The heat treatment condition was 910 ‘C-2h 
for the YBCO tape and 845 ‘C-2h for the TBSCCO tape in a flowing 
oxygen atmosphere. It is clearly observed that the Jc increases 
with decreasing the tape thickness and the Jc of the TBSCCO tape is 
much higher than that of the YBCO tape. The difference in Jc was 
probably caused by the difference in Tc between the YBCO and TBSCCO 
powder. The Jc has reached 3300 A/cm’ and 10° A/cm’ in the YBCO" 
and TBSCCO tape, respectively. 





Heat treatment on Tl-based superconducting tape 


Thallium oxide has a relatively high vapor pressure in the 
temperature range of calcination so that the high Tc phase of 
Thallium-based superconductor may be transformed into another 
phases during the heat treatment . Figure 3 shows the effect of the 
heat treatment condition on the Jc of the TBCCO tapes”. The 
optimum heat treatment should be conducted in a temperature range 
between 845°C and 860‘C for about 2h. An EDX analysis revealed that 
the atomic ratio of Tl:Ba:Ca:Cu was approximately 2:2:2:3 in the 
superconducting core of the tape heat treated under these 
conditions. 





SEM images of superconducting core 


Figure 4 shows the SEM images of the YBCO core surface contact 
with the Ag-sheath of the tape with the thickness of 0.06 mm". 
Figure 4(a) shows plate-shaped grains. Figure 4(b) shows 
alternating bright and dark bands due to the twin lamellas. The 
bands penetrate through grain boundaries. These observation 
suggests that the YBCO grains have been partially aligned in the 
Ag-sheathed tape. 
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Crystallite alignment in Aa-sheathed tape 





It was confirmed” through the neutron diffraction analysis that 
the YBCO crystallites were partialy aligned in the YBCO tape with 
the thickness of 0.imm’. Figure $5 shows the crystallite alignment 
of the YBCO crystals in the Ag-sheathed tapes with various 
thickness. The Std. Dev. means the standard deviation of the 
intensity distribution of the diffracted neutron from the (001) 
plane of the YBCO crystallite in the crystal rotation method. The 
a-b planes of YBCO crystallite are aligned along the rolling 
surface within the angle designated as the Std. Dev. with the 
probability of 68 %. According to Fig.5, the YBCO crystallites 
exhibit a considerable alignment even under the as rolled condition 
and the crystallite alignment is enhanced by the subsequent heat 
treatment. The effect is more pronounced as the tape thickness 
becomes thin. It is suggested that the Jc of the Ag-sheathed tape 
increases through the enhanced crystallite alignment. 


Jc in magnetic field 





Figure 6 shows the Jc in external magnetic field on the TBCCO 
(0.07mm thick) and YBCO (0.10mm thick) tapes’. Both Jc's decrease 
sharply even in the low magnetic field below 0.1 T. The Jc of the 
TBCCO tape is, however, improved markedly in comparison with the 
YBCO tape. As shown in Fig.6(b), the Jc is about 10° A/cm’ at 20 K 
in the external magnetic field of 9 T. 


CONCLUSIONS 


(1) The Jc of the Ag-sheathed TSBCCO tape reached 10‘A/cm’ at 77K. 

(2) The YBCO crystallites in the Ag-sheathed tape exhibit a 
considerable alignment under the as rolled condition and the 
crystallite alignment is enhanced by the subsequent heat 


treatment. 
(3) The Jc of the Ag-sheathed tape decreases sharply in the 


presence of external magnetic field. 
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CRITICAL CURRENT DENSITY OF Bi(Pb)-Sr-Ca-Cu-0 TAPE 
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ABSTRACT 


Flexible tape cor4yctors of high-T  8i(Pb)-Sr-Ca-Cu-O were prepared by 
doctor blading end Ag-«eathing techniques. The tapes have a highly 
oriented grain structure, which can result in a improvement in electrical 
coupling between grains, and hence improved transport J. characteristics. 


INTRODUCTION 


Discovery of te age pga ee in Bi-Sr-Ca-Cu-0 superconductor with 
transition tem~erotures, T_, above 100K, has brought about a new phase in 
the research of high-T oxide superconductors(l). However, the transport 
critical current densify J. for this Bi-based compound prepared by the 
conventional sintering metfiod still remains very low compared to the level 
of practical application. In particular, the J. drastically decreases with 
increasing the applied magnetic field as in the case of Y-Ba-Cu-O compound, 
probably due to the weakness of the coupling between adjacent grains. 

In this paper, we present a result in which a significant improvement 
in transport J. has been achieved in the Pb-doped Bi-Sr-Ca-Cu-0 tapes 
prepared by the powder techniques of doctor blading (2) and Ag-sheathing 
(3). 


EXPER IMENTAL 


The appropriate amounts of Bi.0 ,» CaCO. and CuO powders 
were mixed, calcined and heat Boe + at art Cc , 120h to form high-T. 
phase of the Bi-Sr-Ca-Cu-0 system. This was milled into a fine powder for 
subsequent processing. Organic formulation consisting of solvent, binder 
and dispersant was then added and again milled together. The resulting 
slurry was cast under a doctor blade into a green tape of 50-150 ym 
thickness on the carrier sheet. Ribbon samples, typically Jam in width and 
100mm in length, were cut from the tape and heat treated at 500°C for th. 
The ribbon was then sandwiched between stainless steel sheets and cold 
rolled together. A small reduction of total cross sectional area results 
in an effective densification of the oxide ribbon. The ribbon was then 
subjected to a final heat treatment of sintering. 

Tape conductors have also been prepared by conventional fabrication 
methods of powder using Ag-sheath. The oxide powder of Bi(Pb)-Sr-Ca-Cu-0 
was prepared by mixirg the appropriate amounts of reagents and calcination 
at 800°C for 12h. The powder was then packed into a Ag-tube and cold 
worked to a tape of 0.5mm in thickness by swaging and rolling. The tape 


was then cut into Jem length and the short samples were then subjected to 
the combination process of sintering and intermediate cold rolling. 
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Fig. 1 

BSE image of the longitudinal 
cross-section at the center 

of the Ag-sheathed tape 
prepared by adding intermediate 
cold rolling during sintering 
process. H, F and R denote 

the High-T,. phase, Bi-free 
phase and Bi-rich phases, 
respectively 





RESULTS AND DISCUSSION 


Both of the doctor blade processed (DBP) and Ag-sheathed tapes have a 
highly oriented grain structure, which is caused by the addition of 
intermediate cold rolling process. Figure | shows the back-scattered 
electron image of the longitudinal cross section at the center of the 
Ag-sheathed tape, showing that the high-T plate-like grains are aligned in 
parallel direction to the tape surface, i.e., c-axis alignment 
perpendicular to the surface. The addition of rolling also greatly 
improves the packing density and flexibility especially for the DBP-tape. 
The DBP-tape after the final sintering can be bent elastically into a small 
diameter of about 30mm without any breakage. Figure 2 shows the DBP-tape 
bent on a 38mm-diameter bobbin. 





Fig. 2 
DBP tape bent on a 
38em-diameter bobbin. 
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The inclusion of the intermediate rolling process was also found to 
greatly improve the supercondscting properties of the tape. Figure 3 
shows the J_ of the Ag-sheathed tape. The tape was initially sin’ered at 
835°C tor 80h and then subjected to the combination process of sintering at 
835°C amd cold rolling, and the J. is plotted as a function of total 
sintering time. The highest J_ is SOSOA/cm”. Similar improvement of J 
vas also obtained for the DBP-fape. The DSP-tape. processed without rolfing 
has a T. of 97K and a poor J. of less than 1O0A/cm™ at 77K and OT. However, 


by the tion of the rolliag process, T. above 100K and J. in excess of 
1000A/cm., were easily obtained. The highest J. obtained so far is 
i8S0A/ca’. 


Figure 4 shows the J. of the DBP-tape as a function of magnetic field. 
J -H curves of a bulk sample prepared by the comvention! sintering are also 

in the figure. J of the tape is auch larger than that of the 
sintered bulk sample at entire magnetic fields. Especially, J. degradation 
with increasing magnetic field is significantly decreased for fhe tape. 
This improved J_ property in magnetic fields suggests that the coupling of 
grains along thé current direction is improved in the tape. Both of the 
tape and bulk samples show hysteresis in the J -H curve as shown in Fig. 4. 
Similar hysteresis was also reported for sintefed Y-Ba-Cu-O(4). It is 
considered that the hysteresis is attributed to the grain boundaries having 
weak coupling nature which was affected by the local magnetic field induced 
by the large shielding current. 

This improvement in coupling nature was also confirmed by the A.C. 
susceptibility measurement(5). Both the tape and buik samples showed a 
two step transition in xs vs. temperature curve in large A.C. field 
amplitude , higher and lower temperature transitions corresponding to the 
intragrain and intergrain superconductivities, respectively. 

However, the curve for the tape shows 4 strong dependence on the field 
direction, i.e., the lower temperature transition is guch smaller in the 
field perpendicular to the tape surface, while it becomes such larger in the 
parallel field compared to those of the bulk sample. This result indicates 
that the intergrain coupling along the tape direction is improved in the 





tape. 
+ T T T T T 
3, ahi d 
\ 
\ Fig. 3 
? MASH \ $ (80beR +S Je of the Ag-sheathed tape 
= \ as a function of the total 
"e 2+ / ‘\ “~ sintering time. 
s / \ S(t) denotes the sintering 
> / \esmnae and its time, and R denotes 
= ; : ret the rolling process. 
xs 1k / ==:f of = 
Saye ote Simm 
@ :t=0,.2[mn) 
Bie. Poo. x6 SrinCazosCu2060. 
a rs i i i i 











79 

















S 


| | ' 


: Bi(Pb)-Sr-Ca-Cu-O 





ee a 
-— 
7 


Fig. 4 

DBP Tape SS 4 Je versus H curves for 
DBP-tape. The results 

for bulk sample prepared 

by conventional 

sintering process are 

shown for comparison. 


“ 
i 


S, 
ae 
¥ 


Critical Current Density J. (A/cm?) 


S 
ei 
~~ 
~) 
x 
@ 
Cc 
x 
f 











Magnetic Field H(Oe) 


CONCLUSIONS 


Highly oriented grain structure in which the grains are aligned in 
such a way to maximize the intergrain electronic coupling has been obtained 
for the Bi(Pb)-Sr-Ca-Cu-0O tapes prepared by the modified doctor blading and 
Ag-sheathing techniques. This structure results in a significantly 
improved transport .J -H characterisistics for the tape. The tape 
processed by the modified doctor blading shows a sufficient flexibility 
to be bent into a small diameter of about 30mm. 
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ABSTRACT 


Through the solid reaction methods, silver sheathed BiPbSrCaCu0 superconducting 
wires were fabricated. The saxisus transport current density was 10,600 A/cd at 
77.3K in a zero magnetic field. These wires had critical temperature : Tc (R=0) 
=104K. The sagnetic field dependence of Jc (0.1uv/ce criterion) was sumsarized 
as follows for the sasple of Jc=10.600 A/cd in a zero magnetic field: 2,850 A/cd 
(HLI, Hilc-plane, 0.17), 1,220 A/c# (HLI, Hic-plane, 0.1T). The low-Jc sample 
has a two-step decrease in Jc versus H. while the high-Jc sasple has only @ one- 
step decrease in the higher magnetic field. The rapid decrease of Jc in a relative- 
ly low magnetic field, i,e, 100 gauss, of the low-Jc sample was caused by the weak 
link, confirsed by investigating the history effects of Jc during the increase snd 
decrease of the magnetic field. XRD analysis shows the series of (004) peaks of 


the high-Tc phase (110K) with the characteristic (002) peak at 20=4.7° . The 
grains in the 110K phase were found to be oriented sith the c-axis perpendicular to 
the wide piane of the taped superconducting wire. It was observed that the non- 


superconducting phase, Ca2Pb0.. resained. SEM photographs of the fracture surface 
show that the high-Jc sample had grain boundaries composed of the grains aligned in 
the sage orientation in the c-planes, bonded strongly in the direction of alignment. 


INTRODUCTION 


One of the sost convenient sethods for producing high-Tc oxide superconducting 
sires is a setal sheathing sethod esploying powder in tube, which was fabricated by 
various setal working processes, such as drawing. swaging, rolling and pressing. 
These wires are required to transport high superconducting currents in a high 
sagnetic field for application to transforsers, power cables, MRI sagnets and other 
various superconducting sagnets. 

Since a new oxide superconductor, Bi-Sr-Ca-Cu-0 system with a high-Tc phase 
(110K) and low-Te phase (80K) was reported by Maeda et al..‘'’ there have been sany 
related investigations. It was reported that substituting a part of Bi for Pb 
produced a stable high-Tc phase. ‘*’ Bi-Pb-Sr-Ca-Cu-0 with «a high-Tc phase is 
expected to have a higher Jc because of a larger sargin between its Tc and the 
liquid nitrogen temperature (77.3K). To obtain a higher Jc wire, it is important 
to slign the superconducting grains and strengthen the contact at the grain 
boundaries, adding homogenization of the high-Tc phase.‘’’ 


EXPERIMENTAL 


$l 











Appropriate agpounts of Biz0;. PbO. SrC0;, CaCO; and Cu0 powders with 3 to 4 N 


purity were sixed into the composition (Bi:Pb:Sr:Ca:Cu:=1.6:0.4:2:2:3) basically. 
calcined and sintered from 750T to 870T for 8 to 200h in air, and then ground 
into powder. The powder was put into silver tubes. The composites were suaged 


and drawn, and then fabricated into wires by rolling or pressing. The wires sere 
sintered frown 800° to 870 for 8-800h in air. The thickness of the wires 
ranged fros 0. lus to 0. 4us. 

The seasurements of critical transport current and critical temperature were 
carried out by the 4-probe dc method. The magnetic field was applied perpendicular- 
ly to a transport current up to 2.57. The criterion for Jc determination sas 
defined as |“ V/cm in @ zero magnetic field and 0.1 wV/cm ina sagnetic field. 
X-ray diffraction analysis using Cu-Ka radiation was performed on the uside 
surface of each oxide superconducting specimen after the Ag-sheath was stripped. 
The fracture surface of each specigen was observed by SEM. 


RESULTS AND DISCUSSION 


The wires had a critical temperature Tc with zero resistivity of about 104 K when 
sintered for over 50 hours at 845°C. Figure 1 shows the X-ray diffraction pattern 
for the specimen with Jc of 10,600 A/cm*. The series of peaks of the high-T- phase 
(110K) with the characteristic (002) peak at 26 =4.7° was observed, while the |ow T- 
phases (80K, 7K)with the characteristic (002) peaks, 26 =5.7° ,7.2° . could not be 
observed. Therefore the only superconducting phase of this specimen was the 110K 
phase. However, it was observed that the non-superconducting phase, Ca.Pb0,, 
remained. The grains in the 110K phase were found to be oriented with the c-axis 
perpendicular to the wide plane of the wire specimen. 

Figure 2 shous the Jc versus cross sectional area of the wire including silver 
sheath. From this figure, it can be seen that BiPbSrCaCu0 wires have high J. 
properties at large dimensions. 
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Figure 3 shows the magnetic field dependencies of Jc for specizen A (10.600 
A/ca*), B (1,650 A/ca*). The thickness of specimen A was 0.12mm, and that of 
specisen B was 0.2 amp. The sagnetic field was applied in two dimensions: perpen- 
dicular and paralle! to the wide plane of the wire specisens. 

The magnetic field dependence of these specimens had anisotropy for the applied 
direction of magnetic field. The Jc in the sagnetic field was improved greatly 
when Jc was increased in @ zero field, but the decrease at the higher sagnetic field 
regained. Figure 3 shows that specisen B has @ two-step decrease in Jc versus H, 
thile specimen A has only a one-step decrease in the higher sagnetic field. The 
reason was revealed in an observation of SEM photographs of the fracture surface of 
specimen A and B in Fig. 4. It was found that specisen B had grain boundaries 
composed of grains with a difference in crystal orientation, as shown in Fig.4(b), 
while specisen A had grain boundaries composed of the grains aligned in the sase 
orientation in the c-planes, as shown in Fig. 4(a). Therefore, it sas considered 
that the superconducting current in specisen A sust flow through the grain 
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Fig. 4. Fracture surface of BiPbSrCaCu0 oxide superconductor inside a Ag-sheathed 
taped wire. a) specisen A. b) speciaen B. 
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Fig. 5. The history of Jc during the increase and decrease of H for specimen A and 
B. a) H parallel to side plane of the specisens. b) H perpendicular to side 
plane of the specisens. Solid circles and triangles represent Jc during an 
increase in the sagnetic field: open circles and triangles represent Jc during 8 
decrease in the field. 


boundaries securely along the sligned c-planes. The bonds never weaken in a los 
magnetic field. Figure 5 shows the history effect of Jc during the increase and 
decrease of the magnetic field. The hysteresis appeared at a low sagnetic field 
below 0.1T and showed anisotropy for the magnetic field direction. The hysteresis 
of specimen A was suall, while specisen B had large hysteresis. Therefore, the 
hysteresis must be caused sainiy by the weak link shown in Fig. 4(b). 

In summary, we developed Ag-sheathed Bi-Pb-Sr-Ca-Cu-0 superconducting wires sith 
high current capacities by solid reaction sethod. The sexisus Jc was 10,600 A/ce’. 
The Jc in 0.1 T was 2,850 A/cw* when the magnetic field was parallel to the wide 
plane of the taped sire, and 1,220 A/cu* when it was perpendicular to it. The reason 
for these improvements sere homogenization of the high-Tc phase (110K), preferred 
alignment of the superconducting grains, and good contact at the grain boundaries. 
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